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A    area of the sealing zone 
Acav    cavity area 
Aland   land area 
d     cavity depth or protrusion height 
E  elastic modulus 
F  cavitation index, 1 when   ≥ 0,  0 when   < 0 
f  friction coefficient for asperity contact 
H  dimensionless average film thickness, /h   
h  fluid film thickness 
HT  dimensionless average truncated film thickness, /Th   
K  load ratio, L/Pdc,smooth 
L  load per unit area 




Ly  length of solution domain in y direction 
P  dimensionless fluid pressure, / ap p  
pa  ambient pressure 
Pc  contact pressure, or dimensionless contact pressure, /cp E  
pcav  cavitation pressure 
Pdc,smooth , Psc  static contact pressure with smooth rod 
Pf  fluid pressure 
q̂   dimensionless flow rate per unit circumferential length,  3012 / aqL p   
qx  flow rate per unit width in x direction 
qy  flow rate per unit width in y direction 
R  asperity radius 
    dimensionless time, t/treference 
U   surface speed of rod 
   dimensionless axial coordinate in x direction, x/Lx 




̂   dimensionless pressure-viscosity coefficient, ap  
   dimensionless asperity radius, R/  
   dimensionless asperity density,  R2 
      
                   
   fluid pressure/density function 
f , fss , fpp  shear stress factors 
xcs ..  shear flow factor 
ϕxx  pressure flow factor in x direction 
ϕyy  pressure flow factor in y direction 
Λ  dimensionless ratio, Lx/ Ly 
0   viscosity at atmospheric pressure 
 ρ  density 
̂   dimensionless density, ρ/ρf 
ρf  fluid density 




σ  rms roughness of sealing element surface 
ˆ
f   average dimensionless viscous shear stress in the x direction, /f E  
c̂   dimensionless shear stress due to contacting asperities, c / E  
   Poisson’s ratio 
   1 / 3 2 / 3 aR EL / p    
   dimensionless rod speed,  20 / aUL p   









 The reduction or elimination of leakage of hydraulic fluid from fluid power 
systems is considered a fundamental prerequisite for the expanded use of fluid power. 
There is also a need to reduce seal friction to both reduce energy dissipation and 
eliminate control problems. These seals are developed through empirical means at the 
present time, since the fundamental physics of seal operation has been unclear. 
 This research develops numerical models for analyzing reciprocating hydraulic 
rod seals with various rod surfaces. These models consist of coupled fluid mechanics, 
contact mechanics and deformation analyses. Both flooded and starved lubrication 
boundary conditions are applied.  
 For seals with a smooth rod and a plunge-ground rod, the model combines a 1-D 
finite volume Reynolds equation solver with a 2-D axisymmetric finite element 
deformation and static contact mechanics analyses, and a Greenwood-Williamson 
contact mechanics analysis with rod motion. Leakage and friction, along with sealing 
zone details with the plunge-ground rod are compared with those with the smooth rod. 
The influence of rod surface finish on seal performance is investigated and explained, 
under both flooded and starved conditions 
 For seals with a micro-patterned rod, the model consists of finite volume 
Reynolds equation solver, finite element deformation and static contact mechanics 




model is able to handle rod surface pattern with 3-dimensional geometrics. 
Simulations with different micro-pattern geometries are performed to analyze the 
fundamental mechanism of surface pattern effects on seal operation. Again, both 









1.1 Problem Description 
 Fluid power, especially hydraulics technology, plays an important role in today's 
industry since it offers important advantages over other power transmissions 
technologies, which include: high horsepower-to-weight ratio, high torque at low 
speed, multi-functional control, elimination of complicated mechanical trains of gears, 
etc. A significant amount of research has been applied to the hydraulic system. 
Improving the system and component efficiencies is one of the most important topics 
of this research, since inefficiencies have been considered a major weakness of 
current fluid power systems [1]. 
 The reciprocating rod seal is one of the most critical components in hydraulic 
systems, as it prevents leakage of hydraulic fluid into the environment. Figure 1 
shows the hydraulic cylinders on an excavator and the position of the rod seal in the 
hydraulic cylinder. The friction force between the seal and rod produces an energy 
loss and increases control difficulties in the system, suggesting that the friction 











 At the present time, although a great deal of research has been applied to such 
seals, both experimental and theoretical, the details of sealing are not clear. While 
most studies consider flooded lubrication conditions, many seals operate with starved 
lubrication, which will cause significant changes in the friction compared to flooded 
lubrication. To date, there have been no numerical investigations applied to rod seals 
with starved lubrication boundary conditions. While the seal surface roughness has 
been considered in previous research, the influence of the rod surface on seal behavior, 
in particular  the surface finish or surface pattern, is not clear. 
 In summary, This research investigates the problems listed below: 
 1. How does rod seal performance with starved lubrication differ from that with 
flooded lubrication? 
 2. How does rod surface finish affect rod seal performances? 




1.2 Objective of the Research 
 The primary goal of this research is to develop numerical models for analyzing 
reciprocating hydraulic rod seals under flooded and starved boundary conditions with 
various rod surfaces. These models are used to predict important seal performance 
characteristics like fluid transport and friction between the seal and rod, as well as the 
details of the sealing zone, such as the fluid pressure distribution, contact pressure 
distribution and fluid film thickness distribution.  
 The numerical models in this research have an important improvement compared 
to previous ones: they are able to simulate both flooded and starved lubrication 
instead of only flooded lubrication. For reciprocating rod seals, the starved situation is 
very common. When the rod moves out of the hydraulic cylinder (normally called the 
outstroke), there is always sufficient fluid, supplied by the cylinder,  to lubricate the 
sealing interface,  and the flooded boundary condition exists. When the rod moves 
into the cylinder (normally called the instroke), it transports the fluid lying on the rod 
surface as a result of the preceding outstroke, back into the cylinder. Therefore, the 
maximum fluid transport into the cylinder is equal to the fluid transport during the 
preceding outstroke process. If this maximum instroke fluid transport is lower than 
that necessary for flooded lubrication, starvation will occur. The numerical models in 
this research that apply starved boundary conditions give a more accurate prediction 
of seal performance for applications in which starvation occurs. They also help 




 While some previous numerical models of the rod seal have taken seal surface 
roughness into account, the rod has generally been considered as smooth. However, 
there have been some empirical studies [2-4] that indicate that the rod surface finish 
does have an effect on seal behavior. The models developed in this research include 
the rod surface finish, namely the plunge-ground finish, which is very common for the 
rod seal. Both the U-cup and step seal with a plunge-ground rod are simulated. The 
analysis of these results provide an understanding of the mechanism of surface finish's 
influence on seal performance. 
 A three dimensional rod seal model is developed, for the study of a rod with a 
designed 3-D surface pattern. Such a surface texture on the shaft of a rotary lip seal 
has previously been studied [5-7] for the purpose of leakage reduction. In the present 
study these surface patterns are examined to see if they could reduce the friction 
between the rod and shaft while keeping essentially zero net leakage of the seal. 
Various pattern characteristics are be studied to find the important characteristics of 
the rod surface pattern that affect seal performances. 
1.3 Brief Summary of Each Chapter 
 Chapter 1 gives a brief description of the problems that this research investigates, 
and expresses the objective of this research. 
 Chapter 2 provides the research background. The experimental and theoretical 
studies of rod seals over the past decades are described. The numerical studies of seals 




seal modeling research. Studies on flooded and starved boundary conditions of 
lubrication are presented, giving an idea of how these different lubrication conditions 
are investigated and treated in other applications. There are already some 
experimental and numerical studies on surface finish or surface patterns effects in 
various tribological applications. This chapter reviews that research, suggesting the 
possibilities that finish or patterns on rod surfaces could bring to seal performance. 
 Chapter 3 describes the Elasto-Hydrodynamic Lubrication (EHL) models that 
have been developed and applied in this research. Three major components of the 
EHL models: fluid mechanics, micro-scale contact mechanics; deformation and 
macro-scale contact mechanics, are introduced separately. This chapter also discusses 
the computational algorithms for various cases including two dimensional and three 
dimensional models, along with flooded and starved lubrication boundary conditions. 
 Chapter 4 discusses the studies on rod seals with a smooth rod. The assumptions 
and boundary conditions for two different seal types, the U-cup seal and step seal, are 
introduced. The results that are obtained using the EHL computational models with 
various conditions (2D and 3D, flooded and starved boundary) are presented and 
compared. Chapter 4 also demonstrates the effects of choosing different surface 
characteristics for the numerical simulations. 
 Chapter 5 focuses on the rod seal with a plunge-ground rod, using the two 
dimensional model. Both the U-cup seal and step seal have been analyzed and 




flooded and starved boundary conditions have been applied. For a better 
understanding of how the plunge-ground rod surface finish affects seal performances, 
hypothetical U-cup seal and step seal models with different surface characteristics 
have been generated and simulated. The comparison of results from hypothetical and 
original seals are presented and explained. 
 Chapter 6 analyses the rod seal with a micro-patterned rod using three 
dimensional models. There are two categories of seal patterns: cavities and 
protrusions on the rods. The geometrics and numerical models of these patterns are 
described, along with the computational algorithm that is applied for simulation with 
these patterns. Various factors that may affect seal performances are analyzed for the 
cavities and protrusions cases such as: time steps changing, cavity depth/protrusion 
height, land area ratio, cavity/protrusion shape, etc. In this chapter, both flooded and 
starved boundary conditions are applied and compared, giving additional 
understanding of both starvation and surface pattern effects on seal performance. All 
the simulation results above present not only the fluid transport and friction variation 
with rod speed, but details of the sealing zone, such as fluid pressure distribution, 
contact pressure distribution and fluid film distribution. These details give a deeper 
understanding of how the rod seal operates and how it is affected by various rod 
surfaces. 
 Chapter 7 discusses the main conclusions of this research and forecasts the 









 A great deal of research on reciprocating hydraulic rod seals, both experimental 
and theoretical, has been performed since the mid twentieth century and is described 
in a recent review [8]. However, the theoretical studies did not have a significant 
impact on industrial seal design. Only recently, has the numerical modeling technique 
begun to play an important role in seal research, design and test. 
2.1 Experimental and Theoretical Studies of Rod Seals 
2.1.1 Experimental Studies 
 Experimental research on hydraulic seals has made steady progress, which can be 
attributed to the successful development of experimental techniques, especially 
optical and micro-scale measurement techniques. The measurements of leakage, 
friction, contact pressure distributions and fluid film thickness have been the main 
objectives of the experimental studies of seals. White and Denny’s research in 1947 [9] 
founded the basic understanding of elastomeric reciprocating seal operational 
behavior. Their studies included the measurements of tensile strain, contact stress and 
seal friction. 
 For measuring the leakage, the most common method is collecting the fluid 
leaked out of a cylinder using a counting cup and weighing the mass of the fluid that is 




used in industry for seal design and test. If the fluid leaked out is so little that it can't 
be collected, the seal is then considered to be effectively no net leakage. There are 
other techniques that are more precise and provide real-time results such as measuring 
the electrical capacitance of leaked oil layers using electrodes [17]. 
 The measurement of the friction force exerted on the rod by the seals is included 
in most of the experimental studies. Although the friction force itself can be measured 
using a force transducer [18-20], there are two major problems: First, is the 
suspension of the rod or housing, which may introduce an additional force to the 
measured friction; second is the separation of the instroke and outstroke friction. In 
White and Denny’s research [9], they designed a friction measurement system that 
has two seals at two ends of the housing. Lawrie and O'Donoghue [21] developed a 
technique with a rod and a closed housing, while Gawrys and Kollek [22] introduced 
the concept of a divided rod, which consists of two rods connected by a force 
transducer. Cheyney et al. [23] created a test rig for separating the outstroke and 
instroke friction forces. 
 The techniques used for measuring static contact pressure distributions include 
the strain gauge, piezoelectric force transducer, photo elastic method and inductive 
transducer. Most of these techniques were developed and applied in the 1970s and 
1980s by Field, Molari, Austin, Kawahara and others [11, 13, 14, 24-28]. 
 To measure the fluid film thickness, optical interferometry has been used since 




reflectivity of rubber surfaces due to the roughness and dark color. Smoothening the 
seal surface or covering it with an external thin sheet would improve the reflectivity, 
but would also change the natural surface roughness of the seal, which may change 
the measured contact film thickness. Rana [34] developed a gold coating method to 
solve this dilemma: with a 50nm thick layer of gold coating, the influence on seal 
roughness was minimized while the reflectivity was increased. Besides optical 
interferometry, the direct observation of the fluid film achieved was  with the 
development of high speed and micro-scale camera filming techniques. Schrader, 
Kawahara and Rana [26, 35-37] have designed various test methods to record the 
sealing surface using a high speed camera. Rana's recent experiments were able to 
observe hydraulic fluid starvation at the edges of the sealing contact. Poll and his 
research group [38-40] developed methods to measure the fluid film thickness, using 
a magnetic fluid or fluorescence image processing technique. Poll's recent work [41] 
applied the fluorescence method to analyze the lubricant film thickness on rod seals. 
2.1.2 Theoretical Studies 
 Rod seals are normally made of compliant materials, either elastomers like rubber 
compounds or thermoplastics such as polyurethanes and PTFE. When strains exceed a 
certain limit, such materials exhibit non-linear stress-strain behavior. For rubber-like 
materials, hyperelastic material models are most commonly used [42-44]. Such 
models include the Ogden model [45-47], Neo-Hookean model [48] and 




exhibit time dependent behavior, or viscoelasticity. Lakes' book [51] discussed 
several phenomenological models for capturing the viscoelastic response seen in 
those materials. His book also presented the constitutive equations describing these 
models. All these models now have been integrated into commercial finite element 
analysis (FEA) software such as ABAQUS and ANSYS. A basic understanding of 
these models is necessary for choosing the appropriate material model in the FEA 
modeling. 
 Most of the early theoretical seal modeling studies [8], with some exceptions, 
have made two assumptions: full film lubrication between the seal lip and the 
reciprocating rod, and perfectly smooth mating surfaces. In early 1970 it was found 
that those basic assumptions are questionable. In particular, experimental friction 
measurements indicate that mixed lubrication occurs over a wide range or operating 
conditions [13, 26, 33]. Also, the surface roughness, especially seal surface roughness, 
plays an important role in rod seal operation [52]. Because of the mixed lubrication 
and surface roughness, the lubricating film (on a scale of micrometers) is 
accompanied by mechanical contact. The fluid mechanics which is determined by the 
fluid film thickness distribution, is coupled with both the macro scale elastic 
deformation mechanics of the seal and the micro-scale contact mechanics of the 
sealing surfaces. The coupling between these equations and models is handled in two 
ways: the inverse method or the direct method. 
 For the inverse method, the hydrodynamic (fluid) pressure Pf is assumed to be 




seal is much larger than the additional deformations caused by fluid pressure. Solving 
the Reynolds equation gives the fluid film H. A great deal of research has used this 
inverse method. [9, 10, 29, 53, 54]. However, this method relies on the assumption of 
full film lubrication, which is highly questionable, since experimental work indicates 
mixed lubrication, as discussed above. 
 In the direct method, iteration is applied. The film thickness distribution H is 
guessed initially. Through solving the Reynolds equation, the fluid pressure Pf is 
obtained. The contact pressure Pc is obtained using a contact model such as the 
Greenwood-Williamson contact model [55]. The fluid pressure Pf and the contact 
pressure Pc are then inserted into the elastic equations, which is solved for the 
deformation, giving a new H value. This new H, serving as the new input to the 
Reynolds equation and contact model, leads to a new fluid pressure Pf and contact 
pressure Pc. The iteration is continued until the solution converges. Frequently, 
instability problems occur with the direct method and there a number of studies on the 
improvement of the numerical stability have been performed. Field and Nau's 
research [56] introduced this methodology. Ruskell [57] tried to improve the 
instability problem by combining the elasticity equation of the seal and the Reynolds 
equation. Yang and Hughes [58], Prati and Strozzi [59] both used a similar method as 
Ruskell. Nikas [60-65] then developed a method that separates the effect of the 
roughness asperities and the bulk contact pressure effect. Still, most of the research 
above, especially the earlier studies, still assume full-film lubrication and neglect the 




2.2 Surface Finish and Surface Pattern Influence 
 A great deal of research on fluid lubrication between rough surfaces has been 
performed [66-70]. Patir and Cheng developed a flow factor method that considered 
the roughness effect for lubrication between two sliding surfaces. To take account of 
possible cavitation, models based on the Jakobsson-Floberg-Olsson (JFO) theory 
have been developed since early 1980. Elrod [71] introduced an algorithm in which 
all of the JFO conditions are met within one universal Reynolds equation. Payvar and 
Salant [72] developed a similar algorithm, which minimizes the numerical instability. 
Harp and Salant [73, 74] performed research that considered both surface roughness 
and inter-asperity cavitation. Some later studies of Nikas [60-63, 75] did take into 
account the surface roughness as well as mixed lubrication, but was limited to 
rectangular seals. Yang and Salant [76, 77] successfully combined the factors of 
surface roughness, mixed lubrication and cavitation, and applied them to complex 
seal geometries. That work was limited to steady-state operation. Recent research by 
Thatte and Salant [78-81] developed models that include transients and consider the 
effects of viscoelasticity. Schmidt and Poll [82] also developed transient 2D finite 
element approach for the simulation of reciprocating rod seals with mixed lubrication. 
 Although the surface roughness of the rod is relatively small compare to that of 
the seal, some empirical studies [2-4] indicated that the rod surface finish does have 




revealed that the surface finish of the shaft could control the direction of the lubricant 
flow with a rotary seal. 
Research has found that a micro-patterned surface may have a friction-reduction 
effect [85-87]. Wakuda, et al. [88] applied micro-texture to a ceramic surface that 
slides against steel materials with lubrication. Andersson [89] did research on 
textured steel surfaces under sliding conditions. Scaraggi and his research group 
performed similar studies [90-92] on lubricated, micro-textured, sliding surfaces. All 
the above results show a significant reduction of friction because of the surface 
texture. Etsion's research group also applied surface texture on piston ring [93-95] 
and mechanical seal [96, 97]. These research also found friction reduction effect. 
Shinkarenko, et al. [98-101] performed computational studies on the impact of a laser 
surface-textured elastomer on a rotary seal, while Etsion [102] investigated the 
manufacturing method and influence of surface-texturing on the shaft. Stephens and 
his research group [5-7] completed a series of experiments on rotary lip seals with 
deterministic surface textures on the shaft. They found the surface texture could help 
reduce the friction between the seal and shaft. Most of the above studies were applied 
to the rotary seal rather than rod seal. It is important to note that these two types of 
seals have different mechanisms of preventing leakage. Also, rotary seals generally 
operate with full film lubrication while rod seals generally operate with mixed 





2.3 Flooded and Starved Boundary Conditions of Lubrication 
 The effect of starvation can be important in lubrication flows. Figure 2.1 shows 
a sketch of flooded and starved lubrication during the instroke of a rod seal . With 
the flooded condition, the lubricant supply at the inlet to the sealing zone is 
sufficient to lubricate the entire sealing zone, while for the starved case, the 
lubricant supply at the inlet is not sufficient. The latter commonly occurs with the 
rod seal. When the rod moves out of the hydraulic cylinder (the outstroke), there is 
always sufficient fluid, supplied by the cylinder to lubricate the entire sealing 
interface, and the flooded boundary condition exists. When the rod moves into the 
cylinder (the instroke), it transports the fluid lying on the rod surface as a result of the 
preceding outstroke, back into the cylinder. Therefore, the maximum fluid transport 
into the cylinder is equal to the fluid transport during the preceding outstroke process. 
If this maximum instroke fluid transport is lower than that necessary for flooded 
lubrication, starvation will occur.  Under such a condition, only a portion of the 
sealing zone will be lubricated, as shown in Figure 2.1. The inlet of the pressurized 
lubricated region will be a free boundary. To determine that region boundary is the 
key to the solution of the starvation problem. Since starvation changes the 
pressurized lubricated region, the friction force, especially the contact friction, may 
change compared to that with a flooded boundary. Chiu's research [103] introduced 
the importance of starvation effects in fluid lubricated contacts when calculating the 
rolling and sliding resistance and traction encountered in ball and roller bearings. 




restricting the lubricant to a roller bearing to reduce the amount of cage and roller 
slip. Brewe et al [105, 106] developed equations to calculate the change in film 
thickness  with various inlet fluid levels. There are many other studies of the 
starvation effect in lubrication, but most of them are applied to journal bearings 
[107-110] or ball bearings [111-113]. Popovici's recent study [114] also focus on 
hard EHL with starvation. Hamrock did research on soft EHL[115, 116] with fully 










 For the reciprocating seal, starvation is common because a sufficient lubricant 
supply only exists during outstroke inlet. During the instroke, lubricant supply at the 
inlet film relies on the lubricant deposited on the rod during the outlet. In addition, 
the behavior of the compliant seal material is more complicated than that of the 
bearing material. There is no published research on starved lubrication of the rod 










 This chapter describes the development of the elastohydrodynamic (EHL) 
computational models for simulating dynamic rod sealing operation with various rod 
surfaces. Figure 3.1 shows a typical U-cup rod seal, schematically. Of primary 
interest is the sealing zone, where the seal meets the rod. A close-up of this region is 
also shown in Figure 3.1 for a perfectly smooth rod. The scales of the asperities on the 
seal surface are exaggerated, while the spacing between the asperities is much smaller 
than shown and is on the micron scale. There exists a lubricating film of hydraulic 
fluid of thickness h (which generally varies in the axial direction) in the sealing zone. 
The hydraulic fluid pressure distribution, the mechanical contact between the seal 
asperities and rod surface, and the frictional shear force within the sealing zone, are all 










 The EHL computational models consist of three components: a fluid mechanics 
analysis of the lubricating film in the sealing zone; a micro-scale contact mechanics 
analysis of the seal and rod, contacting; and a deformation/ macro scale contact 
mechanics analysis of the seal; All three components are coupled together, but in 
different ways for 2-Dimensional and 3-Dimensional models, as shown in Figure 3.2 
and Figure 3.3. Section 3.2 to section 3.4 will discuss each of these components in 
detail. Section 3.5 will introduce the computational algorithm for the 2-D and 3-D 
models, along with the computational procedure that considers the starved boundary 
condition. The reason why there are different schemes for the 2-D and 3-D models is 
due to the prohibitively large computation times required to directly compute the 


















3.2 Fluid Mechanics Analysis 
3.2.1 Reynolds Equation 
 Reynolds equation is the differential equation governing the pressure distribution 
in the fluid film, under lubrication conditions. This equation was first derived by 
Osborne Reynolds in 1886 [117]. The Reynolds equation can be derived from the 
Navier-Stokes and continuity equations with the following assumptions: 
1) The fluid is assumed to be Newtonian, incompressible and laminar. 
2) The body forces in the fluid column and fluid inertia are neglected. 
3) There is no slip at the boundaries. 
4) The curvature of the surfaces is large compared with the film thickness (in case of 
Cartesian coordinates). 
5) The pressure is assumed to be constant throughout the thickness of the fluid film. 
 The details of the derivation can be found in Hamrock's book[118] in Chapter 7. 
















     
   
  
   
  
  
  (3.1) 
where h is the film thickness, ρ is the fluid density, μ is the fluid viscosity, and 
U=U1+U2. The flow rate can be written as: 
   
   










   
   




where qx and qy are the flow rates per unit width in the x and y directions. 
3.2.2 Taking Cavitation and Surface Roughness into Account 
 The cavitation phenomenon will occur when the fluid pressure, governed by 
Eq.(3.1), drops below the cavitation pressure, pcav; in that region both liquid and vapor 
are present and the uniform pressure is pcav . This phenomenon can be modeled based 
on the Jakobsson-Floberg-Olsson (JFO) theory. The algorithms of these models have 
been developed by Elrod [71] and Payvar and Salant [72]. Payvar and Salant 
introduced a variable Φ that has different definitions in liquid and cavitation regions, 
and a cavitation index, F: 
      
         
    
   
  
  
          
(3.3) 
In the full film region where fluid pressure is higher than pcav , the cavitation index 
F=1, from Eq.(3.3) that gives: 
   
      
         
   
   
  
  
   
(3.4) 
and in the cavitation region, the cavitation index F=0: 
   
      
         
   
   
  
  





From the above, in the liquid region Φ represents the dimensionless pressure, while in 
the cavitation region, Φ is related to the dimensionless equivalent density. 
 For taking the surface roughness into account, the "flow factor" method 
developed by Patir and Cheng is applied to obtain the "average" Reynolds equation, 
as part of a comprehensive micro-scale fluid flow model. More detail about this 
"flow factor" method can be found in Patir and Cheng [67, 68]. 
 The Reynolds equation with flow factors becomes: 
 
  
    
  
 





    
  
 
   
  
 
         
   
  
          
       
  
   




where    is the mean (expected) pressure,     and     are the pressure flow 
factors.        is the flow factor that accounts for the additional fluid transport due to 
the micro-scale pressure gradient caused by the sliding between rough surfaces. hT is 
the average truncated film thickness, which is defined as: 
           
 
  
       (3.7) 
where      is the probability density function of  . The flow rates can be written as: 
          
  
   
   
  
   
       
 
   
       
 
        
          
  
   




 If both the cavitation and surface roughness effects are considered, combining 
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(3.9) 
where        is the dimensionless,            
  is the dimensionless rod 
velocity,      
             is the dimensionless squeeze term coefficient,   is 
the RMS roughness of the seal surface. 
In the liquid region 
                 
and in the cavitation region 
                        
The truncated film thickness term is given by 











   
   
    (3.10) 
assuming a Gaussian distribution of asperity heights on the contact surfaces. 







     
      
 
  
     
   
 
  
                       
    
 
   
               
(3.11) 
Once Eq. (3.9) or (3.11) is solved, the flow rate can be obtained from: 
       
      
     
  
                           (3.12) 
for both 1-D and 2-D cases, since the periodic boundary condition is applied for the 
2-D study and there is no net flow (leakage) in the circumferential direction (y 
direction in Reynolds equation). The fluid transport can be calculated by integrating 
  over the outstroke/instroke time. 
The average fluid shear stress on the seal surface is given by 
    
   
 
     
 
 





     
  
 (3.13) 
where all the flow factors,    ,    ,       ,   ,      and      are obtained by the 
method and results presented in Patir and Cheng [68]. 
The fluid pressure, which is obtained from the solution of Reynolds equation, 
together with the fluid shear stress, the contact pressure and asperity contact friction, 
which are obtained from the contact mechanics analysis, is used to compute the 
micro-scale deformation and film thickness, which is an input to the Reynolds 




3.2.3 Reynolds Equation Solution Algorithm 
 There is no closed form solution for the Reynolds equation, in general. A 
numerical solution method is needed. In this research, a finite volume method is 
applied to discretize Eq.(3.9) or Eq.(3.11). In addition, the tri-diagonal matrix 
algorithm (TDMA) method is implemented to solve the finite volume discrete 
equations. This finite volume discretization and TDMA algorithm is introduced in 
detail by Patankar [119]. Yang [120] and Thatte [121] also used the finite 
volume-TDMA algorithm in their fluid mechanics analyses of rod seals. An 
Alternating Direction Implicit (ADI) method [122] is used for the 2-Dimensional 
cases. The details of the algorithm development can be seen in Appendix A. 
3.2.4 Flooded and Starved Boundary Conditions for Reynolds Equation 
 As shown in Figure 2.1, for the seals that are studied in this research, with both 
flooded and starved lubrication, one side (left in Figure 2.1) of the seal is always fully 
flooded, the sealing side. In the Reynolds equation solving process, that end of the 
computational mesh is given a constant fluid pressure, with the cavitation index F=1, 
indicating the fully flooded boundary condition.  
The other side (right in Figure 2.1) of the sealing zone is the air side, where the 
seal is exposed to the atmosphere. With flooded lubrication, the entire sealing area 
(full sealing zone in Figure 2.1) is a pressurized region without starvation. So in the 
Reynolds equation solver, a constant atmospheric pressure with F=1 is applied to this 




 With starved lubrication, only part of the sealing zone is pressurized, while the 
rest is starved. The Reynolds equation solving process is only applied to the 
pressurized region. With the computational procedure that will be introduced in 
section 3.5.3 (will be 3.6.3 after another section is inserted), the position of the starved 
boundary (shown in Figure 2.1) is determined. A constant atmospheric pressure with 
F=1 is applied on that boundary instead of on the right end of the full sealing zone. All 
the nodes to the right of that starved boundary are not involved in the Reynolds 
equation solution process. 
3.3 Micro-Scale Contact Mechanics 
3.3.1 Greenwood and Williamson Surface Contact Model 
 The contact mechanics analysis in this research is based on the Greenwood and 
Williamson surface contact model [55, 123]. The key assumptions of this surface 
contact analysis model include: 
1) All asperity contacts act independently: the load at a given asperity-asperity contact 
does not cause deformation in the vicinity of any other asperity-asperity contact. 
2) Each asperity has a spherical shape near its summit. 
3) All asperities of a given surface are assumed to have a radius of curvature equal to 
the average radius of curvature as determined from measuring the surface profile. 
4) The contact between the rough surfaces can be modeled as an equivalent rough 




5) Asperities deform according to Hertzian contact theory. 
 With the Greenwood-Williamson model, the contact pressure is calculated using 
the following equation: 




      
     
 
   
            




A Gaussian distribution of asperity heights is assumed.              is the 
dimensionless RMS roughness of the sealing surface with an RMS roughness of  , 
asperity radius of R and asperity density of  . The measurements and calculation 
method of these surface characteristics will be introduced in the next section. This 
contact pressure, along with an empirical friction coefficient, f, is used to compute the 
asperity contact friction:  
    
  
 
      
 
   
  (3.15) 
For computing the film thickness distribution that is related to a given asperity contact 
pressure, a regression method is used to invert Eq.(3.14) [79]: 
                           
              
              
 
             
  
(3.16) 
where            ,   
  
                   
 , and a=0.86197, b=1.16979, c=0.34673, 
d=3.57134, e=1.07985, f=1.68629. If the contact pressure at the static condition is  Pc 
= Pdc, then H from Eq.(3.15) is the static film thickness distribution, Hdc.  
In the 2-Dimensional model, the static film thickness distribution, Hdc, along with 




the online-FEA method, gives the dynamic film thickness: H= Hdc + Hdef. In the 
3-Dimensional model, since the dynamic contact pressure Pc is acquired through the 
load balance computation, the dynamic film thickness H is directly calculated through 
Eq.(3.16). 
3.3.2 Surface Characteristics, Measurements and Parameters 
 There are three surface characteristics in the Greenwood and Williamson surface 
contact model: the root mean square roughness (RMS)  , the asperity radius R and 
the asperity density  . Since the parameters R and   are highly scale dependent, R is 
identified as the autocorrelation length, taking the surface roughness to be isotropic. 
According to Streator’s work [123], the dimensionless parameters α and β are defined 
such that: 
                (3.17) 
For most surfaces, one expects α to be of order 1-10 and β to be of order 1. That means 
the nominal distance between asperities, which is approximated by R, should be a bit 
larger (by a factor of α) than a typical asperity height that σ represents; In addition, 




 The seals that are modeled in this research have been measured in previous 
studies by the same research group [77]. For the U-cup seal made of polyurethane, the 




material of PTFE, the RMS roughness is 4.0μm. Further discussion about the 
dimensionless parameters α and β will be introduced in the following chapters. 
3.4 Deformation and Macro-Scale Contact Mechanics 
3.4.1Geometries and Material Properties of Seals 
 Two different types of seals are considered in this research, the U-cup and the 
step seal. Figures 3.4a and 3.4b show the undeformed geometries of both types. For 
rod seals, there is a sealing side that is flooded with lubricant, and during the 
instroke process when rod move towards this side, there is a sealed pressure (in this 
study, the sealed pressure is always 1000psi, or 6.89MPa) applied on the seal. 
During the outstroke process when the rod moves away from the sealing side, the 
sealed pressure is equal to atmospheric pressure (in this study). There is also an air 
side where a flooded or starved boundary condition may be applied, and the pressure 
on this side is always at the ambient value. In this study the rod speed is held 
constant, at the same value during both instroke and outstroke. A range of speeds is 
considered. Transient effects due to acceleration/deceleration at the beginning and 
ends of the stroke are omitted, while those caused by the translating rod surface 







Figure 3.4a: Undeformed geometry of U-cup seal 
 
  





 The vertical space between the rod and the housing is smaller than the size of 
the seals, so after mounting and pressurization (during the instroke), the seals are 
deformed. Figures 3.5a and 3.5b show the mounted and deformed geometries of the 















The U-cup seal under study is made of polyurethane. Since the material of the 
housing and rod are both steel, which is much more rigid than polyurethane, the 
model considers the housing and rod as rigid bodies. Only polyurethane's material 
properties need to be considered. A Mooney-Rivlin hyperelastic model is used with 
an initial Young's Modulus of 43 MPa, a Poisson's ratio of 0.499, and the 
coefficients for a two parameter Mooney Rivlin model: C10=0.2MPa, C01=6MPa, 
and d=0.000279. 
 The step seal in this research is made of PTFE with a nitrile energizer. Like the 
U-cup seal model, the steel housing and rod are considered rigid. For PTFE, a 




Young's Modulus of 550 MPa, a compression yield stress of 22MPa and a Poisson's 
ratio of 0.4. The stress-strain test data of PTFE is shown in Figure 3.6. For the nitrile 
energizer, a Mooney-Rivlin hyperelastic model is used with a Poisson's ratio of 
0.499 and the coefficients for a two parameter Mooney Rivlin model: 









3.4.2 Finite Element Solution using ABAQUS 
 The deformation of the sealing element is computed by the finite element 
method, using the commercial software ABAQUS. The geometric profile of the 




have complex shapes that are difficult to be generated through the ABAQUS CAE 
module. 
 The material properties of the U-cup and step seal are generated in ABAQUS 
based on the description in the previous section. 
 For the U-cup seal, CAX8R, an 8-node biquadratic axisymmetric quadrilateral, 
reduced integration element is selected for the seal body, while RAX2, a 2-node 
linear axisymmetric rigid link (for use in axisymmetric planar geometries) element 
is chosen for the rod and housing parts. For the step seal, CAX8R element is applied 
on the seal element and energizer, while RAX2 element is used for the rod and 
housing parts. The interaction property for calculating the contact between the seal 
and rod, and the seal and housing is selected as "hard" contact for pressure-over 
closure option, and the default constraint enforcement method is used. 
 The meshed U-cup and step seals are shown in Figures 3.7a and 3.7b. Note that 
the mesh is refined in high pressure gradient areas such as the contact edge and lip 
tip of the seal. For reducing the computational time, a moderate mesh is sufficient 






Figure 3.7a: U-cup seal meshing 
 
 





 Figures 3.8a and 3.8b show the load and boundary conditions for the two types 
of seals. The housing and rod are both fixed in the axial (Y) direction. The rod is 
moved up (positive direction) and the housing is moved down (negative direction) in 
the radial (X) direction for simulating the mounting process until they reach the 
designed position. The red outline with the red arrows shows where the sealed 



















 A trial and error iteration process is used to determine the node that separates 
the sealed pressure area and contact area. More detail can be found in Yang's PhD 
thesis, Chapter 3. [120]. 
3.5 Load Balance 
 In the scheme of the 3-D EHL computational model shown in Figure 3.3, a load 
balance computation module connects the deformation and macro-scale contact 
mechanics analysis with the other two components, the fluid mechanics and contact 
mechanics during motion analyses. This load balance module calculates the total load 
applied on the sealing zone. Since any deformation during motion is small compared 
to the interference between the seal and the rod/housing, the total load on the sealing 
zone during motion should be the same as it is in the static condition. 
 The force applied on sealing zone during motion includes the fluid pressure and 
contact pressure. So the load balance calculation in this module can be written as: 
                   (3.18) 
 It should be noted that a similar load balance (but without the dynamic contact 
pressure force) is implied in all the previous studies using the inverse Reynolds 
equation method, discussed in Chapter 2. More details and justification for this load 
balance calculation, especially for models that consider rod pattern, will be introduced 




3.6 Computational Procedure 
 This section discusses the computational procedure for the 2-D and 3-D models. 
The computational procedure that considers a starved boundary is also introduced. 
3.6.1 Two-Dimensional Model 
 The computational procedure for the 2-Dimensional model is shown 
schematically in Figure 3.9. With input of the seal and fluid properties, and the 
operating conditions, the macro-scale contact mechanics and deformation are solved 
using ABAQUS, in order to obtain the dry contact pressure distribution at each time 
step for all of the planned instants of time. The dry film thickness is also computed for 
each time step by equating the latter computed contact pressure with the contact 
pressure computed with the Greenwood and Williamson model. At each time step, the 
initial guesses of film thickness and contact pressure distribution are based on the 














 Next, the fluid pressure distribution is obtained by solving the 1-D transient 
Reynolds equation, Eq. (3.11). The micro-scale contact mechanics is solved from Eqs. 
(3.14) and (3.15) and the micro-scale deformation of the seal is computed either with 
ABAQUS directly (the "online" method) or with the influence coefficient method. 
The computed radial deformation at the interface is added to the dry film thickness to 
yield the film thickness. Computation continues around the iteration loop shown in 
the figure until the solution for the film thickness converges, and then advances to the 
next time step if the rod is not smooth. After all the time steps are completed, auxiliary 
calculations for the flow rate, fluid transport and friction force are performed. 
3.6.2 Three-Dimensional Model 
 The computational procedure of the 3-D model is shown schematically in Figure 
3.10. With input of the seal and fluid properties, and the operating conditions, the 
macro-scale contact mechanics and deformation in the static state with the smooth rod 
are solved using ABAQUS, and the static contact pressure distribution is obtained. 
The static film thickness is also computed by the method introduced in section 3.3 
with the Greenwood and Williamson model. The initial guesses of film thickness are 














 The fluid pressure distribution is obtained by solving the 2-D Reynolds equation, 
Eq.(3.9), with the algorithm described in section 3.2. A load balance calculation, 
which will be discussed in detail in Chapter 6, is performed with input of the fluid 
pressure distribution and the total load on the sealing zone expressed by the static 
contact pressure. The fluid pressure Pf and a new dynamic contact pressure, Pc, added 
together, should equal the total load as expressed by the static contact pressure 
Psc,smooth. Therefore Pc can now be computed. Through the dynamic contact analysis 
using the Greenwood and Williamson model, a new film thickness distribution is 
obtained. Computation continues around the iteration loop shown in the figure until 
the solution for film thickness converges. In 3-D cases, only one time step is 
calculated for the patterned rod. The justification of this single time step calculation 
will be shown in Chapter 6. After the film thickness is converged, auxiliary 
calculations for the flow rate, fluid transport and friction force are performed. 
3.6.3 Models that Consider a Starved Boundary 
 Figure 2.1 shows the sketch of starvation during the instroke. Starvation may 
happen only during the instroke. The simulation results that support this statement 
will be shown in the following chapters. When starvation happens, the full sealing 
zone is divided into two zones as shown in the figure, the pressurized zone and the 
starvation zone The pressurized zone is fully flooded with lubricant, and the fluid 
mechanics and contact mechanics can be treated as described in previous sections. 




fluid mechanics analysis in this zone. The contact pressure in the starvation zone is the 
same as that in the static case, and so is the contact friction. 
 The computational procedure for models that consider starvation is shown 
schematically in Figure 3.11. If the fluid transport during the instroke predicted by the 
flooded model is greater than that of the outstroke, starvation occurs because there is 
not enough available fluid to adequately lubricate the entire sealing zone during the 
instroke. The maximum value of the instroke fluid transport is equal to the outstroke 
fluid transport. To apply the starved boundary condition, an initial guess of the 
pressurized zone length, which is shorter than the full sealing zone length, is input into 
the 2-D or 3-D models. A complete computation is executed like described in section 
3.5.1 or 3.5.2, but only on the guessed pressurized zone. A fluid transport result, Q, is 
obtained and compared with the known outstroke fluid transport Qout. If Q > Qout, the 
guessed pressurized zone it is shortened, while if Q < Qout, the pressurized zone is 
lengthend. If Q = Qout, the computation is complete and the results are outputted. 
 
 











 In this chapter, the studies on rod seals with a smooth rod are discussed. Two 
types of seal are investigated: the U-cup seal and the step seal. For the U-cup seal, 
both 2-D and 3-D models are applied. The flooded and starved boundaries and their 
effect on the U-cup seal are also discussed. In addition, a surface characteristics 
study is performed on the U-cup seal, with the 3-D model and flooded boundary, to 
show how the surface characteristic parameters affect seal performance and sealing 
details. For the step seal, the simulation uses the 2-D model with only the flooded 
boundary condition, since there will not be starvation over the range of operating 
conditions studied. All these smooth rod cases studies’ results will be used as 
comparison to the results of the rod with a surface finish or surface texture, in 
chapter 5 and 6, to demonstrate the influence of the various rod surfaces. 
4.2 Assumptions and Boundary Conditions 
 Figure 4.1 shows a reciprocating rod seal in a hydraulic cylinder, and its 
operating conditions. During the instroke, the piston is moving into the cylinder, the 
sealing side of the rod seal is facing a high sealed pressure; during the outstroke, the 




sealed pressure. In this research, the high sealed pressure is always 1000 psi or 6.89 
MPa, and the low pressure is always the ambient value. Note for some applications 










 The difference in the fluid transport components between outstroke and instroke, 
under the above conditions, is shown in Figure 4.2. During the outstroke, since the 
pressure at both sides of the seal is the same (atmospheric pressure), there is only 
Couette flow, which drags the fluid out of the cylinder. During the instroke, besides 
the Couette flow, which drags the fluid into the cylinder, there is a Poiseuille flow 














 The basic assumptions for the simulation of the rod seal with a smooth rod are 
listed below. Most of the assumptions have been mentioned and explained in chapter 
3, where the development of the models is discussed. 
1) treats rod as smooth; 2) uses flooded or starved boundary conditions; 3) considers 
elastic deformations; 4) isothermal; 5) axisymmetric for both 2-D and 3-D models; 6) 
ignores possible adhesion of elastomer to rod; 7) ignores transients at beginning and 
end of stroke; 8) computes the friction force due to contacting asperities with 





 The values of the parameters used in the computations for the U-cup and step 




Table 4.1 Base parameters for smooth rod studies 
Seal type Step seal U-cup seal(2-D) U-cup seal(3-D) 




 Pa 43 x 10
6
 Pa 
Poisson’s ratio 0.40 0.49 
Sealed pressure 6.89 MPa (1000 psi) during instroke;  
0.10 MPa (atmospheric) during outstroke; cavitation 
pressure: 0 




Reference viscosity 0.043 Pa s 
Pressure-viscosity 





Seal roughness 4.0 μm 0.8 μm 
α 1.75 1.25 and various 
β 1.0 1.0 and various 
Stroke length 228.6 mm 




 For the Reynolds equation solution, the number of nodes in the computational 
spatial mesh ranges from 1580 to 8930 for the 2-D models, depending on the type of 
seal and stroke, selected on the basis of a mesh refinement study. For example, going 
from 1580 to 3160 nodes (step seal) and going from 8930 to 17860 (U-cup seal) 
results in deviations of less than 0.5% in fluid transport and friction force. The time 




of 0.3 m/s this is equivalent to 1.33 × 10 
-5
 s. Increasing the time step to 2.67 × 10-5 s 
results in a deviation of 0.3% in the fluid transport and 0.14% in the friction force. A 
similar mesh refinement study is performed for the 3-D model of the U-cup seal with 
an 812 × 40 = 32480 spatial mesh.  Going from 32480 to 64960 results in deviations 
of less than 0.5% in fluid transport and friction force. 
 For the finite element analysis via ABAQUS, The mesh contains 36869 
elements for the U-cup seal and 42418 elements for the step seal, based on a mesh 
refinement study. Going from 10906 to 3689 elements (U-cup seal) and from 38048 
to 42418 elements (step seal) result in a deviation in contact pressure of less than 
0.5%. 
4.3 U-cup Seal using 2-Dimensional Model 
4.3.1 Leakage and Friction with Flooded and Starved Boundary Conditions 
 The fluid transport for the outstroke and the instroke of the U-cup seal with 
flooded and starved boundary conditions, as a function of rod speed, is shown in 
Figure 4.3 for a perfectly smooth rod, with the fixed, specified stroke length. The fluid 
transport is defined as the quantity of fluid carried out of or into the cylinder during a 
single outstroke or instroke, respectively. (Note that a negative value during the 
instroke indicates fluid is carried out of the cylinder.) As can be seen, the outstroke 
transport is relatively independent of rod speed, while the instroke fluid transport 
increases with rod speed. Below a certain critical speed (approximately 0.08 m/s for 




leak. Above that critical speed, the computed potential instroke fluid transport 
exceeds the outstroke transport, and in reality fluid starvation will occur, violating the 
flooded boundary conditions. The instroke fluid transport should be equal to that of 
outstroke at the same speed, as the starved boundary results show. However, the 
computed results with the flooded boundary still have an important physical meaning 
since the larger the potential instroke transport relative to the outstroke transport, the 
less prone is the seal to leaking due to imperfections in the lip, non-axisymmetry, and 
other effects not accounted for in the model. In addition, some other applications 
where the sealed pressure during the outstroke is high (e.g. injection molding 
actuators), the instroke may not be starved and the flooded results relevant. 
 
 





 The friction force on the rod, as a function of rod speed, is shown in Figure 4.4. 
During the outstroke, when the sealed pressure is ambient, it is relatively low and 
independent of rod speed. This is because the friction force is primarily produced by 
contacting asperities rather than by fluid friction. Almost the entire lubricating film is 
cavitated and hydrodynamic effects are minimal, as will be seen, below. During the 
instroke, with a high sealed pressure, the friction force is relatively high. For the 
flooded boundary, except at the lowest rod speeds, the friction force decreases with 
increasing rod speed. For the starved boundary, the friction force increases with 
increasing rod speed at the lowest rod speeds, then slightly decreases when the rod 
speed increases close to the critical speed. After the rod speed is higher than the 
critical speed, the friction force increases relatively slowly with increasing rod speed. 
 
 





 From Figure 4.4 it is seen that during the outstroke there is no starvation, and the 
friction force for both boundary conditions are exactly the same. However, during the 
instroke the friction force with the starved boundary condition is significantly higher 
compared to that of the flooded boundary after the rod speed exceeds the critical 
speed, especially at the higher rod speeds. 
 The seal characteristics, reported above, describe the gross behavior of the seal. A 
physical understanding of those characteristics can be obtained by examining the 
details of the sealing zone, namely the lubricating film thickness distribution and the 
fluid and contact pressure distributions. 
4.3.2 Details of Sealing 
 Figures 4.5a and 4.5b show the film thickness distributions during the outstroke 
at rod speeds of 0.05 m/s and 0.3 m/s, respectively.  These distributions are almost 
identical, indicating the film thickness is relatively independent of rod speed during 
the outstroke. This is because the sealed fluid pressure is not elevated above ambient 
during the outstroke, so almost the entire lubricating film is cavitated and 
hydrodynamic effects are minimal, as will be seen in the fluid pressure distribution, 







Figure 4.5a: Film thickness of outstroke, 0.05 m/s, U-cup seal 
 
 





 The film thickness distributions during the instroke at rod speeds of 0.05 m/s, 
0.15m/s and 0.3 m/s, are shown in Figure 4.6a, 4.6b and 4.6c, respectively. At the rod 
speed of 0.05 m/s, there is no starvation. One notes that the length of the sealing zone 
is much larger than that during the outstroke. This is because of the much higher 
sealed pressure during the instroke, which produces greater deformation and a larger 
contact area. From these distributions it is clear that the higher rod speeds produce 
thicker fluid films during the instroke under the flooded boundary condition. But with 
the starved boundary condition, the shape of fluid film profile changes with rod speed, 
but the thickness does not change significantly. Also, with the rod speed increasing, 
the pressurized region (to the left of the starved boundary) decreases. At the same 
speed, the fluid film with the flooded boundary is thicker than that with the starved 
boundary. 
 







Figure 4.6b: Film thickness of instroke, 0.15 m/s, U-cup seal 
 
 





 Figures 4.7a and 4.7b show the contact pressure and fluid pressure distributions 
during the outstroke at rod speeds of 0.05 m/s and 0.3 m/s. Comparison of the two 
figures shows that the contact pressure distributions are virtually independent of rod 
speed. During the outstroke the sealed pressure is not elevated above ambient, and 
most of the lubricating film is cavitated. The fluid pressure distributions indicate 
minimal hydrodynamic action, with the film almost completely supported by the 
asperities on the seal surface. These results are consistent with the film thickness 















 The contact pressure and fluid pressure distributions during the instroke are 
shown in Figures 4.8a1, 4.8a2, 4.8b1, 4.8b2, 4.8c1 and 4.8c2 at rod speeds of 0.05 
m/s, 0.15m/s and 0.3 m/s. For results under the flooded boundary condition, the 
contact pressures decrease while the fluid pressures increase with the increasing rod 
speed.  
At the 0.05 m/s speed, there is no starvation. So in Figures 4.8a1 and 4.8a2, the 
two sets of results (flooded and starved) are exactly the same. For the results under the 
starved boundary condition, the contact pressures at the 0.15 m/s speed are slightly 
lower than at the 0.3 m/s speed, while the fluid pressures at the 0.15 m/s speed are 




At the 0.15 m/s speed, the starved contact pressures are higher than that of the 
flooded; and the starved fluid pressures are lower than that of the flooded; the 
pressurized region with the starved boundary is shorter than that with the flooded 
boundary. At the 0.30 m/s speed, the starved results show the similar higher contact 
pressure, lower fluid pressure, and shorter pressurized region. The differences in 
contact pressure, fluid pressure and the length of pressurized region between starved 
and flooded cases are larger than those at the 0.15 m/s rod speed. These contact 
pressure and fluid pressure results are consistent with each other, and are consistent 
with the film thickness distributions during instroke. The increased speed would 
require increased lubricant flow under flooded conditions, and therefore there is more 
starvation, which causes the pressurized region to be shorter, which also results in a 
higher contact pressure, lower fluid pressure and increased friction. 
 







Figure 4.8a2: Fluid pressures of instroke, 0.05m/s, U-cup seal 
 
 







Figure 4.8b2: Fluid pressures of instroke, 0.15m/s, U-cup seal 
 
 











 It is now possible to explain the fluid transport behavior of the seal. During the 
outstroke the sealed pressure is ambient, so the fluid transport is solely produced by 
Couette flow. For such flow, the fluid transport depends only on the stroke length 
(which is fixed) and the film thickness. As described above, the film thickness is 
relatively independent of rod speed. Therefore the fluid transport during outstroke 
will be relatively independent of rod speed.  
 During the instroke, for the flooded boundary, the film thickness increases with 
speed because the length of the pressurized region remains the same and the fluid 
pressure increases due to hydrodynamic effects related to the rod speed. This causes 




does not change significantly because the length of the pressurized region decreases 
with increasing speed and the fluid pressure does not increase, keeping the fluid 
transport the same as that of the outstroke. 
 The friction force results can be explained by considering the contact force and 
the film thickness. During the outstroke, the friction force is relatively independent of 
rod speed and surface finish because both the contact force and film thickness are 
relatively independent of rod speed and surface finish since the film is largely 
cavitated. During the instroke, for the flooded boundary, except at the lowest speeds 
the friction force decreases with speed because the contact force decreases with speed, 
a result of increasing fluid pressure support that due to the hydrodynamic effect. For 
the starved boundary, the friction force increases with speed because the contact force 
increases with speed. The friction force with the starved boundary is larger than that 
with the flooded boundary because the contact force with starved boundary is larger 
than that with flooded boundary, a result of the shortened pressurized region and 
smaller fluid pressure compared to the flooded cases.  
4.4 Step Seal using 2-Dimensional Model 
4.4.1 Leakage and Friction with Flooded Boundary Conditions 
 The step seal differs from the U-cup seal in three respects: seal geometry, seal 
material (PTFE sealing element vs. polyurethane) and the surface roughness 




 Figure 4.9 shows the fluid transport as a function of rod speed for the step seal 









 The transport behavior during the outstroke is similar to that with the U-cup seal 
in that it is substantially independent of rod speed. During the instroke, at lower 
speeds the transport is similar to that with the U-cup in that it increases with speed. 
However at the higher speeds, the slope decreases and the transport levels off. The 
critical speed, where the outstroke and instroke transports are equal, occurs beyond 
the range covered in this research. Thus, for the step seal, starvation does not occur 




 The friction force on the rod, as a function of rod speed, is shown in Figure 4.10. 
During the outstroke, when the sealed pressure is ambient, it is relatively low and 
independent of rod speed, as is the case with the U-cup seal and for the same reason. 
During the instroke, with a high sealed pressure, the friction force is relatively high 
and, in contrast to the U-cup seal, is independent of rod speed. This lack of a 
hydrodynamic effect can be understood by considering the film thickness and 









 As in the case of the U-cup seal some insight into the behavior described above 




4.4.2 Details of Sealing 
 Figures 4.11a and 4.11b show the film thickness distributions during the 
outstroke at rod speeds of 0.05 m/s and 0.3 m/s. They are almost identical, indicating 
the film thickness is relatively independent of rod speed during the outstroke, as is 
the case with the U-cup seal and for the same reason. It is important to note the 
much larger film thickness with the step seal, due to the larger asperities, in which 
case the film is almost completely supported by the asperities on the seal surface, as 
















 The film thickness distributions during the instroke at a rod speed of 0.05 m/s 
and 0.3 m/s are shown in Figure 4.12a and 4.12b. The two distributions are almost 
identical, indicating the film thickness is also relatively independent of rod speed 
during the instroke. This lack of hydrodynamic effect differs from the U-cup case, 
and results from the much higher contact pressures (discussed below), which support 
the film. As in the outstroke, the film thickness is much larger than for the U-cup 







Figure 4.12a: Film thickness of instroke, 0.05 m/s, step seal 
 
 





 Figure 4.13a and 4.13b show the contact pressure and fluid pressure distributions 
during the outstroke at rod speeds of 0.05 m/s and 0.30 m/s. The two distributions are 
almost identical, as in the case with the U-cup seal and for the same reason. The very 
high contact pressures, compared to the U-cup, are due to the much higher value of the 
elastic modulus of PTFE compared to polyurethane. The fluid pressure distribution 
indicates minimal hydrodynamic action. These results are consistent with the film 
thickness distributions during outstroke, discussed above, and similar to the results 















 The contact pressure and fluid pressure distributions during the instroke are 
shown in Figure 4.14a and 4.14b at rod speeds of 0.05 m/s and 0.30 m/s. The two 
distributions are almost identical, indicating the contact and fluid pressure 
distributions are relatively independent of rod speed during the instroke, unlike the 
U-cup seal case with the flooded boundary condition. The very high contact pressures 
compared to the fluid pressures show that there is no significant hydrodynamic effect, 
with the film almost completely supported by the seal surface asperities. As with the 
U-cup seal, these contact pressure and fluid pressure results are consistent with each 








Figure 4.14a: Contact and fluid pressures of instroke, 0.05m/s, step seal 
 
 





 The differences in the gross characteristics of the step seal compared to the U-cup 
seal can now be explained. First, the much larger roughness results in much thicker 
fluid films, which result in larger fluid transports, during both outstroke and instroke. 
The friction force with the step seal is larger than that with the U-cup seal due to the 
higher contact pressures, because of the lack of hydrodynamic effect due to thicker 
film. 
4.5 U-cup Seal using 3-Dimensional Models 
 The 3-D models are developed for the analysis of the surface patterned rods. For 
comparison purposes it is necessary to simulate the smooth rod first. The 
computational schemes are different for the 2-D and 3-D models, as discussed in 
Chapter 3. In the 2-D model, the on-line FEA method is applied it accounts for both 
normal and transverse deformations, via ABAQUS. In the 3-D model, the FEA 
analysis using ABAQUS computes the static deformation, while the dynamic 
deformation in the normal direction is calculated indirectly, as described in section 
3.5.2. In addition, the surface characteristic parameter, α, of the 3-D model (1.25) is 
slightly different from that of the 2-D model (1.75), for computational reasons. Thus, 
one would expect some quantitative differences in the results generated by the two 
models. 
4.5.1 Leakage and Friction with Flooded and Starved Boundary Conditions 
 The fluid transport for the outstroke and the instroke of the U-cup seal in the 




is shown in Figure 4.15 for a perfectly smooth rod, for the fixed specified stroke 
length. It is similar to the U-cup seal in the 2-D model. The outstroke transport is 
relatively independent of rod speed, while the instroke fluid transport increases with 
rod speed, under flooded conditions, or equals the outstroke transport of the same 
speed after the rod speed exceeds the critical speed, under starved conditions. The 
critical speed for the 3-D model is approximately 0.04m/s, which is somewhat lower 









 The friction force on the rod, as a function of rod speed, is shown in Figure 




and independent of rod speed, as is the case with the 2-D model and for the same 
reason. During the instroke, with a high sealed pressure, the friction force is 
relatively high. For the flooded boundary, the friction force increases with 
increasing rod speed at lower speeds, then the friction force decreases with 
increasing rod speed at higher speeds, which is similar to that of the 2-D model 
except the friction decrease is less for the 3-D model case. For the starved boundary, 
the friction force slightly increases with increasing rod speed at the lowest rod 
speeds, and then increases significantly after the critical speed. Just like with the 2-D 
model, the friction force with starved boundary conditions is significant higher 
during the instroke after the rod speed exceeds the critical speed, compared to that 
with the flooded boundary. 
 
 





 By examining the details of the sealing zone ., these seal characteristics can be 
understood. 
4.5.2 Details of Sealing 
 Figure 4.17a and 4.17b show the film thickness distributions during the outstroke 
at rod speeds of 0.03 m/s and 0.3 m/s, respectively. These film thickness results, and 
the pressure. distributions that will be presented below, are 2-Dimensional sections of 
3-Dimensional profiles, since for these smooth rod cases, the 3-D results are still 
axisymmetric. These distributions are almost identical, indicating the film thickness is 
relatively independent of rod speed during the outstroke, just like the 2-D model 
results, with the same reason. Note that for outstroke, there is no starvation occurring. 
 










 The film thickness distributions during the instroke at rod speeds of 0.03 m/s, 
0.10 m/s and 0.30 m/s, are shown in Figure 4.18a, 4.18b and 4.18c, respectively. At 
the rod speed of 0.03 m/s, there is no starvation. The length of the sealing zone is 
much larger than that during the outstroke, which is similar to the 2-D cases for the 
same reason. For the flooded boundary, the shape of the distributions are changing as 
the rod speed increases, but the thickness is not increasing significantly. This is unlike 
the 2-D results, in which the thickness does increase with speed. For the starved 
boundary, the pressurized region decreases significantly with increasing rod speed. At 
the high speed, the pressurized region is about 1/9 of the entire sealing area. This is 
also unlike the 2-D cases, which has a pressurized region that is always slightly 

















Figure 4.18b: Film thickness of instroke, 0.10 m/s, U-cup seal, 3-D 
 
 





 Figure 4.19a and 4.19b show the contact pressure and fluid pressure distributions 
during the outstroke at rod speeds of 0.03 m/s and 0.3 m/s. The two figures show that 
the contact pressure distributions are virtually independent of rod speed. During the 
outstroke the sealed pressure is not elevated above ambient, and most of the 
lubricating film is cavitated. These results are consistent with the film thickness 


















The contact pressure and fluid pressure distributions during the instroke are 
shown in Figures 4.20a1, 4.20a2, 4.20b1, 4.20b2, 4.20c1 and 4.20c2 at rod speeds of 
0.03 m/s, 0.10m/s and 0.3 m/s. For the results under flooded boundary conditions, the 
contact pressures increase while the fluid pressures decrease with the increasing rod 
speed when the rod speed is relatively low (especially in the half of the sealing zone 
that is closest to the sealed side). The contact pressures decrease while the fluid 
pressures increase with the increasing rod speed, at high speed range (higher than 0.10 
m/s). 
At the 0.03 m/s speed, there is no starvation; in Figures 4.20a1 and 4.20a2, the 
two sets of results (flooded and starved) are exactly the same. As it can be seen in 




the rod speed exceeds that critical speed. For the starved cases, since the pressurized 
region decreases significantly with increasing rod speed, the contact pressures 
increase while the fluid pressures decrease with increasing rod speed. The differences 
between the contact pressure, fluid pressure and the length of the pressurized region 
of the flooded cases and starved cases increase with the increasing rod speed, which is 
similar to that of the 2-D model results. These contact pressure and fluid pressure 
results are consistent with each other, and are consistent with the film thickness 












Figure 4.20a2: Fluid pressures of instroke, 0.03m/s, U-cup seal, 3-D 
 
 







Figure 4.20b2: Fluid pressures of instroke, 0.10m/s, U-cup seal, 3-D 
 
 










 The fluid transport behavior of the seal with the 3-D model can now be explained. 
During the outstroke, the sealed pressure is ambient. The fluid transport results are 
very similar to those of the 2-D cases, with the same reason as that discussed in 
section 4.3. 
 During the instroke, for the flooded boundary, the shape of the film thickness and 
the fluid pressure distribution both change with increasing rod speed. Overall, the film 
grows thicker, causing a larger Couette flow, while the pressure gradient in most of 
the sealing area becomes less steep, causing a smaller Poiseuille flow. The total fluid 
transport, which equals the Couette flow minus the Poiseuille flow,  therefore 




the fluid film thickness and fluid pressure changes keep the fluid transport the same as 
that of the outstroke.  
 The friction force results for the outstroke are also similar to that of the 2-D 
results with the same explanation. During the instroke, for the flooded boundary, at 
low speed the friction force increases with increasing speed because the contact force 
increases while the fluid pressure decreases. At high speed (higher than 0.10m/s in 
this research) the friction force decreases with increasingspeed because the contact 
force starts to decrease while the fluid pressure increases. 
 For the starved boundary, the friction behavior during the instroke from the 3-D 
model is similar to that of the 2-D model, except the increase of the friction force is 
more pronounced when starvation occurs because of the greater decrease in the length 
of the pressurized region. 
4.6 Effect of Seal Surface Characteristics 
 In chapter 3, two dimensionless parameters α and β are introduced. α is the 
measure of seal surface asperity radius (    ) while β is the measure of seal 
surface asperity density (      ). With the measured RMS seal surface roughness 
σ, these three parameters determine the seal surface characteristics in the numerical 
models in this research. While σ can be measured experimentally, the values of α and 
β are difficult to determine precisely. This section shows how changes in α and β 





4.6.1 Effect of Parameter α (the measure of seal surface asperity radius) 
 Table 4.1 shows the α and β values for the 3-D U-cup seal models. By keeping 
β=1.0, while changing the α value, the effect of parameter α is investigated. Note that 
α=1.25 is the default value for 3-D model in this research. 
 The fluid transports for the outstroke and the instroke of the U-cup seal as a 
function of rod speed under flooded and starved boundary conditions are shown in 
Figures 4.21a and 4.21b for various α values with the smooth rod. The fluid transport 
behavior for the different α values are all similar to the 3-D model results with default 
value α=1.25. The differences between various α values are: 1) The critical speed 
increases with the decrease in α; 2) The fluid transport at a given speed, both instroke 







Figure 4.21a: Fluid transport, U-cup seal with various α, 3-D, flooded 
 
 





 The friction forces on the rod, as a function of rod speed under flooded and 
starved boundary conditions, are shown in Figures 4.22a and 4.22b. During the 
outstroke, all the results are identical to each other. During the instroke, the friction 
force behavior with different α values are similar, for both flooded and starved cases. 
For the flooded cases, the friction increases to a peak and then decreases, with 
increasing rod speed. For a higher α value (α=1.50), that friction force peak occurs at 
a lower speed (around 0.075 m/s, compared to 0.10 m/s for α=1.25), and the friction 
force is lower at high speed. For a lower α value (α=1.00), the friction force peak 
occurs at a higher speed (between 0.15 and 0.20 m/s), and the friction force is higher 
at high speed. The values of the peak friction force for various α values are very close, 
around 300 N, and only slightly increase with decreasing α value.  
For the starved cases, the friction increases with the increasing rod speed, for 
various α values. The friction force at a given rod speed increases with increasing α 
value. In addition, the friction force with the starved boundary is much larger than that 







Figure 4.22a: Friction force, U-cup seal with various α, 3-D, flooded 
 
 





 To explain the effect of α, an examination of the sealing details is needed. Figure 
4.23a and 4.23b show the film thickness distributions during the outstroke at rod 
speeds of 0.03 and 0.30 m/s, for various α values. For the same α value, the 
distributions at different speeds are identical, indicating that the film thickness is 
relatively independent of rod speed during outstroke, for various α values. At a given 
rod speed, the fluid film thickness decreases as the α value increases. This is 
consistent with the fluid transport results shown in Figure 4.21 because a thinner film 
















 The film thickness distributions during the instroke at rod speeds of 0.03, 0.10 
and 0.30 m/s under flooded and starved boundary conditions are shown in Figures 
4.24a1, 4.24a2, 4.24b1, 4.24b2, 4.24c1 and 4.24c2, respectively. Similar to the 
outstroke, the film thickness decreases with increasing α at the same rod speed. For 
the flooded boundary, the shapes of the fluid film profiles are similar to each other at 
the same rod speed for various α values. That is the reason why the fluid transport 
behaviors for various α values are similar, which is shown in Figure 4.21. The 
differences between the various α values' results become smaller at high speed (0.30 
m/s). For the starved boundary, the length of the pressurized region (to the left of the 
starved boundary) decreases with the increasing rod speed, for various α. At the 








































 Figures 4.25a and 4.25b show the contact pressure and fluid pressure 
distributions during the instroke at rod speeds of 0.03 m/s and 0.30 m/s for various α 
values. Comparison of the two figures shows that the contact pressure distributions 
are virtually independent of rod speed, except very close to the sealing side (left 
side). Also, most of the sealing area is cavitated, for the various α values and 
different speeds. For α=1.00 and 1.25, the fluid pressure distributions indicate 
minimal hydrodynamic action, with the film almost completely supported by the 
asperities on the seal surface. For α=1.50, at high speed, the fluid pressure is higher 
than the other two cases near the sealing side, and the contact pressure deceases 
because the fluid pressure partially supports the seal. These results are consistent 

















 Figures 4.26a1, 4.26a2, 4.26b1, 4.26b2, 4.26c1 and 4.26c2 show the contact 
pressure and fluid pressure distributions during the instroke at rod speeds of 0.03, 
0.10 and 0.30 m/s, under flooded boundary conditions. At the lowest speed (0.03 
m/s) the contact pressure and fluid pressure distributions are almost identical to each 
other for various α values. At the medium speed (0.10 m/s) the contact pressures for 
α=1.00 and 1.25 are very close, while the contact pressure for α=1.50 is lower than 
the other two, and the fluid pressure for α=1.50 is slightly higher than the other two. 
In addition, the overall contact pressure for the medium speed is higher than that of 
the lowest speed, for the same α. At the highest speed (0.30 m/s), the contact 
pressure decreases with increasing α, while the fluid pressure increases with 
increasing α. These results are also consistent with the film thickness distributions 









































 Figures 4.27a1, 4.27a2, 4.27b1, 4.27b2, 4.27c1 and 4.27c2 show the contact 
pressure and fluid pressure distributions during the instroke at rod speeds of 0.03, 
0.10 and 0.30 m/s, under starved boundary conditions. The overall contact pressure 
increases while the fluid pressure decreases with increasing α value, at the same rod 
speed. In addition, with the same α value, the overall contact pressure increases 
while the fluid pressure decreases with increasing rod speeds. The locations of the 
starvation boundary can be seen on both the contact pressure and fluid pressure plots. 
These results are also consistent with the film thickness distributions during the 









































Summarizing, increasing the α value causes a decrease in film thickness. During 
the outstroke, the thinner film produces less fluid transport, while it has little effect 
on the contact pressure distribution except at the highest speed. During the instroke, 
for the flooded boundary, the thinner film also decreases fluid transport, while it 
generates a higher fluid pressure, especially at higher speeds. The higher fluid 
pressure offers more support to the seal, decreases the contact pressure, and hence 
decreases the friction force. For the starved boundary, the thinner film causes more 
starvation during the instroke, which generates less fluid pressure to support the seal, 
thereby increasing the contact pressure, and hence increases the friction force. 
4.6.2 Effect of Parameter β (the measure of seal surface asperity density) 
 By keeping α=1.25, while changing the β value, the effect of parameter β is 
investigated. Note that β=1.00 is the default value for the 3-D model in this research. 
 The fluid transports for the outstroke and the instroke of the U-cup seal as a 
function of rod speed under flooded and starved boundary conditions are shown in 
Figures 4.28a and 4.28b for various β values with the smooth rod. The fluid transport 
behavior for different β values are all similar to the 3-D model results with the default 
value β=1.00. The difference between various β values are: 1) the critical speed 
increases with increasing β value; 2) the fluid transport at a given speed, both instroke 
and outstroke, increases with increasing β value. These results are very similar to the 







Figure 4.28a: Fluid transport, U-cup seal with various β, 3-D, flooded 
 
 





The friction force on the rod, as a function of rod speed, is shown in Figure 4.29a 
and 4.29b. During the outstroke, all the results are identical to each other. During the 
instroke, for the flooded boundary, the friction force behaviors with different β values 
are similar. The friction increases to a peak then decreases, with increasing rod speed. 
For a lower β value (β=0.70), that friction force peak occurs at a lower speed, and the 
friction force is lower at high speed. For a higher β value (β =1.30), the friction force 
peak appears at a higher speed, and the friction force is higher at high speed. The 
values of the friction force peak for various β values are very close and only slightly 
increase with the β value decreasing. For the starved boundary, the friction increases 
with the increasing rod speed, for various β values. The friction force increases with 
the decreasing β value at a same rod speed. In addition, the friction force with the 
starved boundary is much larger than that with the flooded boundary, for the same rod 







Figure 4.29a: Friction force, U-cup seal with various β, 3-D, flooded 
 
 





 The effect of parameter β is very similar to that of parameter α. Figures 4.30a and 
4.30b1 and 4.30b2 show the film thickness distributions during outstroke and instroke 
(flooded and starved), at 0.03 m/s, for various β values. These figures are very similar 
to the results with various α values. The film thickness decreases with decreasing β 
value, for both outstroke and instroke, just like the effect of increasing the α value. 
Since parameters α and β only affect the film thickness directly, while the contact 
pressure and fluid pressure results depend on the film thickness distributions, the 
contact pressure and fluid pressure results for various β values should be similar to 
that of the α value results shown in the previous section. Therefore it is not 






















 Summarizing, the explanation of the β value effects on the seal modeling results 
is similar to that of the α value. The decrease in β causes a decrease in film thickness. 
During the outstroke, the thinner film causes less fluid transport, while it has very 
little effect on the contact pressure distribution except at the highest speed. During 
the instroke, with the flooded boundary, a thinner film decreases fluid transport, 
while it also generates higher fluid pressure, especially at higher speed. A higher 
fluid pressure offers more support to the seal, decreases the contact pressure, and 
hence decreases the friction force. With the starved boundary, the thinner film 
causes more starvation during the instroke, which generates less fluid pressure that 
supports the seal, increases the contact pressure and hence increases the friction 
force. 
4.7 Conclusions 
1. For both the U-cup and step seals, the fluid transport during outstroke is relatively 
independent of rod speed because almost the entire lubricating film is cavitated and 
hydrodynamic effects are minimal. The film thickness distributions are almost 
identical at all speeds. 
2. For both the U-cup and step seals, the fluid transport during the instroke increases 
with an increasing rod speed. There is a critical speed where the instroke fluid 
transport exceeds that of the outstroke. Below this critical speed the seal leaks: above 




between 0.03-0.075; for the step seal, the critical speed is beyond the speed range 
studied. 
3. The friction force during the outstroke is almost independent of rod speed for both 
U-cup and step seals. The reason is similar to that for the fluid transport phenomenon. 
4. The friction force behavior during the instroke is not the same for the U-cup seal 
and step seal. For the U-cup seal with flooded boundary, the friction force increases to 
a peak value at low speed and then decreases with increasing rod speed. That is 
because the fluid pressure decreases at low speed and then increases at high speed 
while the contact pressure does the opposite. For the U-cup seal with starved 
boundary, the friction force increases with increasing rod speed because the starvation 
zone grows longer with increasing speed, the pressurized region decreases and so 
does the fluid pressure while the contact pressure increases. The contact pressure of 
the starved case is much larger than that of the flooded case, at the same rod speed, 
resulting in a much larger friction force. For the step seal with flooded boundary 
(starvation does not occur for the step seal in this research), the friction force is almost 
independent of rod speed, since the hydrodynamic effect on the fluid pressure is 
insignificant compared  to the contact pressures. 
5. With an increase in the surface characteristic parameter α, the film thickness of the 
U-cup seal decreases, causing a smaller fluid transport during both instroke and 
outstroke. The critical speed decreases with the increasing α value. The profiles of 




quantitatively different. The friction force with a starved boundary is much larger than 
that of the flooded case, for the same rod speed.  
6. With an increase in the surface characteristic parameter β, the film thickness of the 
U-cup seal increases, causing a larger fluid transport during both instroke and 
outstroke. The critical speed increases with the increasing β value. The profiles of 
friction versus rod speed curves have similar shape for various β values, but 
quantitatively different. The friction force with a starved boundary is much larger than 










 In this chapter, the studies on rod seals with a plunge ground rod are discussed. 
Two types of seal are under investigated: the U-cup seal and the step seal, with 2-D 
models, because the seal and the plunge-ground rod surface finish are both 
axisymmetric. For the U-cup seal, both flooded and starved boundaries are discussed. 
Although starvation is expected in the case of zero sealed pressure during the 
outstroke (the case mainly considered in this study), there are other applications with 
a high sealed pressure during the outstroke in which flooded lubrication is expected. 
For the step seal, only the flooded case is presented, since starvation does not occur in 
the speed range studied, as shown in the previous chapter. In addition, hypothetical 
U-cup and step seals are simulated, to help understand the reasons for the differences 
in the behaviors of these two types of seals. The base parameters for the models in this 
chapter can be found in Table 4.1. The dimensions of the plunge-ground rod surface 
are introduced in the next section. 
5.2 Plunge-Ground Rod Surface 
 In this part of the study, the surface finish of a chrome-plated, plunge-ground rod 




by the grinding process. The plating process reduces the amplitude of these ridges but 
they still exist [4, 83]. Figure 5.1 shows a 3D micrograph of a plunge-ground rod 
surface [83], which contains those ridges running along the axial direction. This 
surface is modeled in the present study with a sinusoid of 40 μm wavelength and 0.5 
μm peak-to-valley amplitude. These dimensions are based on the measurements in 
Papatheodorou’s and Jia's research. A portion of the sealing zone with such a rod 
surface is illustrated in Fig. 5.1. In this drawing, the seal asperities are omitted and the 









5.3 U-cup Seal 
 The values of the basic parameters used in the calculations for this chapter are 
given in Table 4.1. As discussed in the previous chapter, starvation may occur during 
the instroke process for the U-cup seal, so both flooded and starved boundary 





5.3.1 Leakage and Friction with Flooded Boundary Conditions 
 The fluid transport for the outstroke and the instroke of the U-cup seal as a 
function of rod speed is shown in Figure 5.2 for both the plunge-ground surface finish 
and for the smooth rod. The results for the smooth cases have been discussed in the 
previous chapter. As can be seen, the outstroke transport for the plunge-ground rod 
cases is relatively independent of rod speed, while the instroke fluid transport 
increases with rod speed, just like the smooth rod cases. During the outstroke the 
plunge-ground finish has no significant effect, compared to the smooth rod. However 
during the instroke under the flooded boundary conditions, the plunge-ground rod 
produces a lower fluid transport than the smooth rod. The critical speed of the 










 The friction force on the rod, as a function of rod speed, is shown in Figure 5.3. 
During the outstroke, when the sealed pressure is ambient, the friction force is 
relatively low and independent of rod speed, like the smooth rod for the same reason 
as that discussed in chapter 4. During the instroke, with a high sealed pressure, the 
friction force behavior of the plunge-ground rod is also similar to that of the smooth 
rod. It is seen that the plunge-ground finish has no effect on the friction force, 
compared to the smooth rod, during the outstroke. However, it does increase the 
friction force during the instroke under the flooded boundary conditions, especially at 










 A physical understanding of these characteristics can be obtained by examining 
the details of the sealing zone, namely the lubricating film thickness distribution and 
the fluid and contact pressure distributions, as was done in the previous chapter. 
5.3.2 Details of Sealing for Flooded Boundary 
 Figures 5.4a and 5.4b show the film thickness distributions during the outstroke 
at rod speeds of 0.05 m/s and 0.3 m/s, respectively. These distributions are almost 
identical, indicating the film thickness is relatively independent of rod speed during 
the outstroke, for both smooth and plunge-ground rods. The reason for that has been 
discussed in chapter 4, and will be seen in the fluid pressure distribution, below. 




is almost identical to the film thickness with the smooth rod. It should be noted that 
the curves for the plunge-ground rod in these figures, and in all subsequent 
distribution plots, are for one instant of time. As time progresses, the oscillations in 
the curve move in the direction of the rod motion, with some small variations and with 















 The film thickness distributions during the instroke at rod speeds of 0.05 m/s, 
0.15 m/s, and 0.3 m/s are shown in Figures 5.5a, 5.5b and 5.5c, respectively. The 
length of the sealing zone is much larger than that during the outstroke, for the 
plunge-ground rod, similar to the smooth rod cases, because of the much higher sealed 
pressure during the instroke. From these distributions it is clear that the higher rod 
speeds produce thicker fluid films during the instroke, under flooded boundary 
conditions. It is also seen that the average of the oscillating film thickness with the 







Figure 5.5a: Film thickness of instroke, 0.05 m/s, U-cup seal, σ=0.8μm, flooded 
 
 










 Figures 5.6a and 5.6b show the contact pressure and fluid pressure distributions 
during the outstroke at rod speeds of 0.05 m/s and 0.3 m/s. Comparison of the two 
figures shows that the contact pressure distributions are virtually independent of rod 
speed, for the plunge-ground rod and the smooth rod. It is important to note the large 
oscillations in the contact pressure that are produced by the ridges on the 
plunge-ground shaft and that have the same wavelength as those ridges. During the 
outstroke the sealed pressure is not elevated above ambient, and most of the 
lubricating film is cavitated, as was discussed in thr previous chapter. For the 
plunge-ground rod, the fluid pressure distributions indicate minimal hydrodynamic 




just like the smooth rod cases. These results are consistent with the film thickness 

















 Figures 5.7a1, 5.7a2, 5.7b1, 5.7b2, 5.7c1 and 5.7c2 show the contact pressure 
and fluid pressure distributions during the instroke at rod speeds of 0.05 m/s, 0.15 
m/s and 0.3 m/s. The contact pressures decrease with the increasing rod speed. As in 
the outstroke, the plunge-ground rod produces large oscillations in the contact 
pressure. At the 0.05 m/s speed, the average of the oscillating contact pressure with 
the plunge-ground rod is almost identical to that with the smooth rod, while the fluid 
pressures are also almost identical and almost linear. The oscillations in the film 
thickness with the plunge-ground rod produce barely discernible oscillations in the 
fluid pressure due to the low rod speed. At the 0.15 m/s speed, the average of the 
oscillating contact pressure with the plunge-ground rod still shows no significant 




that with the smooth rod and contains oscillations. At the 0.3 m/s speed, the average 
of the contact pressure with the plunge-ground rod is higher than that with the smooth 
rod, while the fluid pressure with the plunge-ground rod is lower than that with the 
smooth rod and contains significant oscillations. These contact pressure and fluid 
pressure results are consistent with each other and are consistent with the film 











Figure 5.7a2: Fluid pressure of instroke, 0.05 m/s, U-cup seal, σ=0.8μm, flooded 
 
 







Figure 5.7b2: Fluid pressure of instroke, 0.15 m/s, U-cup seal, σ=0.8μm, flooded 
 
 










 Based on the above results, the fluid transport behavior with the plunge-ground 
rod can now be explained. During the outstroke the sealed pressure is ambient, so 
the fluid transport is solely produced by Couette flow for both smooth rod and 
plunge-ground rod. For such flow, the fluid transport depends only on the stroke 
length (which is fixed) and the film thickness. Since the average of the film thickness 
with the plunge-ground rod is almost identical to the film thickness with the smooth 
rod, the plunge-ground finish has no significant effect on the fluid transport during 
outstroke, compared to the smooth rod. 
 During the instroke, the film thickness increases with speed, causing the fluid 
transport to increase with speed. The plunge-ground rod produces a lower fluid 




average of the plunge-ground rod oscillating film thickness is almost identical to the 
smooth rod film thickness, the average of the plunge-ground rod oscillating film 
thickness cubed is larger than the cube of the smooth rod film thickness. This 
produces an increase in the Poiseulle flow (out of the cylinder), resulting in a 
decreased fluid transport with the plunge-ground rod. 
 The friction force results can be explained by considering the contact force and 
the film thickness, similar to the discussion in the previous chapter for the smooth 
cases. During the outstroke, the friction force is relatively independent of rod speed 
and surface finish because both the average contact force and average film thickness 
for the plunge-ground case are relatively independent of rod speed and surface finish 
since the film is largely cavitated. During the instroke, except at the lowest speeds, the 
friction force decreases with speed because the contact force decreases with speed. 
The friction force with the plunge-ground rod is larger than that with the smooth rod 
because the contact force with the plunge-ground rod is larger than that with the 
smooth rod. Comparing the fluid pressure distributions of the plunge-ground rod and 
smooth rod, it can be seen that the fluid pressures generated by the plunge-ground 
surface are lower than that of the smooth case at high speed; there is less fluid pressure 
support of the plunge-ground rod than that of the smooth rod. That is the reason why 




5.3.3 Leakage and Friction with Starved Boundary Conditions 
 The plunge-ground rod cases with starved boundary conditions are simulated and 
compared with the smooth rod results with starved boundary conditions, below. 
 The fluid transport of the outstroke and the instroke of the U-cup seal with starved 
boundary conditions, as a function of rod speed, are shown in Figure 5.8 for both the 
plunge-ground surface finish and for the smooth rod. The results for the smooth cases 
with starvation have been discussed in chapter 4. The outstroke transport behavior is 
just the same as in the flooded cases shown in the previous section, because there is no 
starvation during the outstroke. During the instroke under starved boundary 
conditions, the critical speed of the plunge-ground rod is very close to that of the 
smooth rod, but slightly higher. Once the rod speed exceeds the critical speed, the 
instroke fluid transport equals that of the outstroke, and therefore the fluid transport of 
the plunge-ground rod and the smooth rod are almost the same. The plunge-ground 










 The friction force on the rod, as a function of rod speed, is shown in Figure 5.9. 
During the outstroke, the friction force behavior for both the smooth rod and 
plunge-ground rod are exactly the same as the flooded cases. During the instroke, the 
friction force behavior of the plunge-ground rod is similar to that of the smooth rod 
with starved boundary conditions, which has been discussed in the previous chapter. 
However, the plunge-ground rod decreases the friction force during the instroke when 
starvation occurs (the rod speed exceeds the critical speed). This is unlike the flooded 
boundary results where the plunge-ground rod increases the friction force during the 
instroke. In Papatheodorou's research [4], an additional increase in friction force is 
found as a result of the continual smoothing of the rod surface due to wear, which 









  To explain the difference between the starved and flooded results, the details of 
the sealing zone is examined. Since the outstroke cases for both the plunge-ground 
rod and the smooth rod with the starved boundary are exactly the same as those with 
the flooded boundary, only the film thickness distribution and the fluid and contact 
pressure distributions during the instroke are presented and discussed.   
5.3.3 Details of Sealing for Starved Boundary Conditions 
 The film thickness distributions during the instroke at rod speeds of 0.05 m/s, 
0.15 m/s and 0.3 m/s are shown in Figures 5.10a, 5.10b and 5.10c, respectively. At the 
rod speed of 0.05 m/s, which is lower than the critical speed, no starvation occurs for 




Figure 5.5a, with the flooded boundary. With the starved boundary condition, the 
shape of the fluid film profile changes with rod speed, but the thickness does not 
change significantly for both the smooth rod and plunge-ground rod. With the rod 
speed increasing, the pressurized region (to the left of the starved boundary) decreases 
slightly. In addition, the pressurized region for the plunge-ground rod is longer than 
that for the smooth rod. At the same speed, the fluid film with the smooth rod is 
slightly thinner than the average film thickness of the plunge-ground cases; this is 
more significant at the high speed (0.30 m/s).  
The comparison between the flooded cases and starved cases (Figure 5.5b vs. 
Figure 5.10b, and Figure 5.5c vs. Figure 5.10c) shows that for the same rod speed, the 
reduction in the length of the pressurized fluid film caused by starvation is less with 
the plunge-ground rod, than with the smooth rod. This can be explained by 
considering the fluid transport behaviors under flooded conditions (Figure 5.2). The 
degree of starvation is defined as the difference between the instroke fluid transport 
and the outstroke fluid transport when the rod speed is higher than the critical speed. 
The higher this degree of starvation is, the higher is the hypothetical net fluid carried 
into the cylinder under the flooded boundary condition. With the starved boundary 
condition, in order to match the outstroke fluid transport, the instroke fluid flow will 
be starved. The degree of starvation measures the required reduction in the instroke 
fluid transport in order for the instroke transport to equal the outstroke transport. The 
reduction is achieved through starvation. So the higher this degree of starvation is, the 




the plunge-ground rod has a lower degree of starvation compared to that of the smooth 
rod. This indicates that under the starved boundary condition, the plunge-ground rod 
has a smaller region of starvation compared to that of the smooth rod, which is shown 












Figure 5.10b: Film thickness of instroke, 0.15 m/s, U-cup seal, σ=0.8μm, starved 
 
 





Figures 5.11a1, 5.11a2, 5.11b1 and 5.11b2 show the contact pressure and fluid 
pressure distributions during the instroke at rod speeds of 0.15 m/s and 0.30 m/s, 
under the starved boundary. The pressure distributions during the instroke at the rod 
speed of 0.05 m/s are exactly the same as Figures 5.7a1 and 5.7a2 and are not shown 
here, because no starvation occurs at this rod speed. At the 0.15 m/s speed, the average 
of the oscillating contact pressure with the plunge-ground rod is lower than that with 
the smooth rod. The fluid pressure is higher than that with the smooth rod and 
contains oscillations. At the 0.3 m/s speed, the average of the contact pressure with the 
plunge-ground rod is lower than that with the smooth rod, as well, while the fluid 
pressure with the plunge-ground rod is higher than that with the smooth rod and 
contains more significant oscillations. These contact pressure and fluid pressure 
results are consistent with each other and are consistent with the film thickness 







Figure 5.11a1: Contact pressures of instroke, 0.15 m/s, U-cup seal, σ=0.8μm, starved 
 
 







Figure 5.11b1: Contact pressures of instroke, 0.30 m/s, U-cup seal, σ=0.8μm, starved 
 
 





These results show that the effect of the plunge-ground rod surface on the contact 
pressure and fluid pressure under starved boundary conditions are opposite to that 
with flooded boundary conditions. Under starved boundary conditions, the 
plunge-ground rod surface decreases the contact pressure and increases fluid pressure, 
while under flooded boundary conditions, the plunge-ground rod surface increases the 
contact pressure and decreases the fluid pressure. This can be explained by the film 
thickness distribution. As discussed above, the starvation causes a thicker average 
fluid film for the plunge-ground rod, and therefore the average contact pressure for 
the plunge-ground rod is lower than that of the smooth rod. In addition, the length of 
the pressurized region is longer for the plunge-ground rod than that of the smooth rod, 
so that a higher average fluid pressure distribution occurs with the plunge-ground rod. 
Summarizing, under the flooded boundary conditions, the plunge-ground rod 
generates lower fluid pressures compared to the smooth rod, especially at the high 
speed. This causes a higher contact force and a higher friction force at the same speed 
compared to the smooth rod. 
Under the starved boundary conditions, the lower degree of starvation of the 
plunge-ground rod results in a smaller starvation area compared to the smooth rod, 
which means a larger fluid pressurized region for the plunge-ground rod cases. The 
plunge-ground rod generates larger fluid pressures which support the seal, decreasing 
the contact pressure, compared to the smooth rod. This causes a lower friction force at 




5.4 Step Seal 
5.4.1 Leakage and Friction 
 Figure 5.12 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the plunge-ground and smooth rod finishes. Compared to the U-cup 









 The transport behavior for the smooth rod has been discussed in the previous 
chapter. Note that the critical speed where the outstroke and instroke transports are 




has flooded boundary cases. The curves for the plunge-ground and smooth rods 
generally lie on top of each other, indicating that the plunge-ground rod produces no 
significant effect on the fluid transport, compared with the smooth rod. 
 The friction force on the rod, as a function of rod speed is shown in Figure 5.13 
for both smooth and plunge-ground rods. The friction force behavior of the smooth 
rod has been discussed in the previous chapter as well. The plunge-ground rod has no 













5.4.2 Details of Sealing 
As in the previous chapter and sections, some insight into the behavior described 
above can be obtained by examining the details of the sealing area. 
 Figure 5.14a and 5.14b show the film thickness distribution during the outstroke 
at a rod speed of 0.05 m/s and 0.3 m/s. These two distributions are almost identical, 
indicating that the film thickness is relatively independent of rod speed during the 
outstroke, as is the case with the U-cup seal and for the same reason. Furthermore, the 
average of the oscillating film thickness with the plunge-ground rod is almost 
identical to the film thickness with the smooth rod, also similar to the U-cup seal. It is 
important to note the much larger film thickness with the step seal, which has been 
mentioned in previous chapter where the step seal with the smooth rod is discussed. 
The film is almost completely supported by the asperities on the seal surface for both 








Figure 5.14a: Film thickness of outstroke, 0.05 m/s, step seal, σ=4.0 μm 
 
 





 The film thickness distribution during the instroke at a rod speed of 0.05 m/s and 
0.3 m/s are shown in Figure 5.15a and 5.15b. These two distributions are almost 
identical, just like the outstroke, indicating that the film thickness is also relatively 
independent of rod speed during the instroke. This lack of hydrodynamic effect differs 
from the U-cup case and results from the much higher contact pressures, which has 
been discussed in the previous chapter for the smooth rod. The average of the 
oscillating film thickness with the plunge-ground rod is almost identical to the film 















 Figure 5.16a and 5.16b show the contact pressure and fluid pressure distributions 
during the outstroke at the rod speeds of 0.05 m/s and 0.3 m/s. The two distributions 
are almost identical, as in the case with the U-cup seal and for the same reason. The 
very high contact pressures, compared to the U-cup seal, are due to the much higher 
value of the elastic modulus of PTFE compared to polyurethane. This has been 
discussed earlier. As with the U-cup seal, the plunge ground rod produces large 
oscillations in the contact pressure. The fluid pressure distribution indicates minimal 
hydrodynamic action. These results are consistent with the film thickness 
distributions during the outstroke, discussed above, and similar to the results with the 







Figure 5.16a: Contact and fluid pressures of outstroke, 0.05 m/s, step seal, σ=4.0 μm 
 
 





 Figure 5.17a and 5.17b show the contact pressure and fluid pressure distributions 
during the instroke at rod speeds of 0.05 m/s and 0.3 m/s. The two distributions are 
almost identical, indicating that the contact and fluid pressure distributions are 
relatively independent of rod speed during the instroke, unlike the U-cup seal case. 
The smooth rod case has been discussed in the previous chapter. The very high 
contact pressures compared to the fluid pressures show that there are no significant 
hydrodynamic effects, with the film almost completely supported by the seal surface 
asperities. For both the 0.05 m/s and 0.3 m/s speeds, the average of the oscillating 
contact pressure with the plunge-ground rod is almost identical to that of the smooth 
rod, and the fluid pressures are also almost identical. This is in contrast to the behavior 
with the U-cup seal at 0.3 m/s, where the plunge-ground rod and smooth rod show 
differences. These contact pressure and fluid pressure results are consistent with each 







Figure 5.17a: Contact and fluid pressures of instroke, 0.05 m/s, step seal, σ=4.0 μm 
 
 





 The differences in the gross characteristics of the step seal compared to the U-cup 
seal for the smooth rod have been explained in the previous chapter. The thicker fluid 
films of the step seal reduce the difference in hydrodynamic pressure generation 
between the plunge-ground rod and the smooth rod cases, resulting in virtually the 
same fluid pressure distribution and the same average (in the plunge-ground rod case) 
film thickness and contact pressure distributions for the two types of rods. This 
explains why the plunge-ground rod produces no significant effects on the fluid 
transport and friction force compared to the smooth rod. The friction force with the 
step seal is larger than that with the U-cup seal due to the higher contact pressures. 
5.5 Hypothetical U-cup and Step Seals 
 In order to further investigate the reasons for the differences in the behaviors of 
the U-cup and step seals, simulations of a step seal with a roughness of 0.8 µm (the 
same roughness as the original U-cup seal, discussed above) and of a U-cup seal with 
a roughness of 4.0 µm (the same roughness as the original step seal, discussed above), 
have been performed, under the flooded boundary conditions. 
5.5.1 Leakage and Friction 
Figure 5.18 shows the fluid transport vs. rod velocity for the step seal with a 
roughness of 0.8 µm. Unlike the 4.0 µm roughness case, this plot shows that during 
the instroke the plunge-ground rod produces a lower fluid transport compared to the 
smooth rod, just like the U-cup seal with a 0.8 µm roughness under flooded boundary 




roughness case, again similar to the U-cup seal with a 0.8 µm roughness under 
flooded boundary. However, the general shape of the outstroke transport curve is 
similar to that for the step seal with a 4.0 µm roughness, in that the transport levels off 
at the higher speeds. 
The friction force vs. rod velocity for the step seal with a roughness of 0.8 µm is 
shown in Figure 5.19. This shows a higher friction force with the plunge-ground rod 
than with the smooth rod, during the instroke, similar to the U-cup seal with a 0.8 µm 
roughness under flooded boundary conditions. The decreasing instroke friction force 
with rod speed is also similar to the 0.8 µm roughness U-cup seal behavior at the 















Figure 5.20 shows the fluid transport vs. rod velocity for the U-cup seal with a 
roughness of 4.0 µm. Unlike the 0.8 µm roughness case, this plot shows that during 
the instroke the plunge-ground rod produces substantially the same fluid transport as 
the smooth rod, just like the step seal with a 4.0 µm roughness. The plot also shows a 
much higher critical speed than the 0.8 µm roughness case, again similar to the step 
seal with a 4.0 µm roughness. The general shape of the outstroke transport curve is 
similar to that for the step seal with a 4.0 µm roughness, in that the transport levels off 
at the higher speeds. 
The friction force vs. rod velocity for the U-cup seal with a roughness of 4.0 µm 
is shown in Figure 5.21. This shows substantially the same friction force with the 




with a 4.0 µm roughness. The instroke friction force increases slightly with rod speed, 
unlike the 0.8 µm roughness U-cup and somewhat closer to the behavior of the 4.0 µm 
















5.5.2 Details of Sealing 
 For both hypothetical U-cup and step seals, the fluid transport and friction force 
behaviors during the outstroke are similar to that of the original cases: the fluid 
transport and friction force are independent of rod speed; the plunge-ground rod has 
no effect on both fluid transport and friction force. Therefore, only the details of the 
sealing zone during the instroke are shown below. 
 Figure 5.22a and 5.22b shows the film thickness distributions of the hypothetical 
step seal (σ=0.8 μm) during the instroke at rod speeds of 0.05 m/s and 0.3 m/s. Just 
like the U-cup seal with a 0.8 μm roughness under flooded boundary conditions, the 




boundary conditions. It is also seen that the average of the oscillating film thickness 















 The contact pressure and fluid pressure distributions of the hypothetical step seal 
(σ=0.8 μm) during the instroke at rod speeds of 0.05 m/s and 0.3 m/s are shown in 
Figure 5.23a and 5.23b. Although the contact pressures are much higher than that of 
the U-cup seal, the contact pressures decrease while the fluid pressures increase with 
the increasing rod speed, which are similar to the U-cup seal with a 0.8 μm roughness. 
At the 0.05 m/s speed, the average of the oscillating contact pressure with the 
plunge-ground rod is almost identical to that with the smooth rod, while the fluid 
pressures are also almost identical and almost linear. At the 0.3 m/s speed, the 
average of the contact pressure with the plunge-ground rod is slightly higher than that 
with the smooth rod, while the fluid pressure with the plunge-ground rod is lower than 




consistent with each other and are consistent with the film thickness distributions 















Figure 5.24a and 5.24b shows the film thickness distributions of the hypothetical 
U-cup seal (σ=4.0 μm) during the instroke at rod speeds of 0.05 m/s and 0.3 m/s. Just 
like the step seal with a 4.0 μm roughness, these two distributions are almost identical, 
indicating that the film thickness is also relatively independent of rod speed during the 
instroke. The average of the oscillating film thickness with the plunge-ground rod is 







Figure 5.24a: Film thickness of instroke, 0.05 m/s, U-cup seal, σ=4.0 μm 
 
 





The contact pressure and fluid pressure distributions of the hypothetical U-cup 
seal (σ=4.0 μm) during the instroke at rod speeds of 0.05 m/s and 0.3 m/s are shown in 
Figure 5.25a and 5.25b. Although the contact pressure are much smaller than that of 
the step seal, The two distributions are very similar, indicating that the contact and 
fluid pressure distributions are relatively independent of rod speed during the 
instroke, which are similar to the step seal with a 4.0 μm roughness. For both 0.05 m/s 
and 0.3 m/s speed, the average of the oscillating contact pressure with the 
plunge-ground rod is almost identical to that of the smooth rod. These contact 
pressure and fluid pressure results are consistent with each other and are consistent 















 The comparison of the hypothetical seals and the original seals' results show 
that the main reason for the difference in behavior of the U-cup seal and the step seal 
is the difference in surface roughness of the two seals. The influence of surface 
roughness of the seal is the most important characteristic during the rod seal 
operation. It has even more effect than the geometry of the seal. It is the roughness 
of the seal surface that determines the overall fluid film thickness distribution. A 
thicker film reduces the impact of the hydrodynamic effect. 
5.6 Conclusions 
1. For a polyurethane U-cup seal under flooded boundary conditions, the results of 




cylinder during the instroke, compared to a smooth rod, reducing the effectiveness of 
the seal. The plunge-ground rod also increases the friction force on the rod. In 
addition, the plunge-ground rod produces large fluctuations in the contact pressure, 
which would be expected to increase the wear rate due to fatigue-induced wear.  
2. For a polyurethane U-cup seal under starved boundary conditions, The   
plunge-ground rod has shorter starvation region than that of the smooth rod due to 
its lower degree of starvation it has under the flooded boundary conditions. The 
plunge-ground rod decreases the friction force on the rod compared to the smooth 
rod, because the lower starvation of the plunge-ground rod generates more fluid 
pressure to support the seal, decreasing the contact force, compared to the smooth 
rod case. The plunge-ground rod also produces large fluctuations in the contact 
pressure, which would be expected to increase the wear rate due to fatigue-induced 
wear. 
3. For a PTFE step seal, the plunge-ground rod produces no significant effects on the 
fluid transport and friction force. Those effects that were observed with the U-cup seal 
are absent due to the larger roughness of the step seal. However, the plunge-ground 
rod does produce large fluctuations in the contact pressure, as with the U-cup seal, and 
would be expected to increase the wear rate of the step seal due to fatigue-induced 
wear. 
4. Hypothetical studies show that the roughness of the seal surface is the most 




higher surface roughness produces a thicker fluid film, which decreases the 





CHAPTER 6. ROD SEAL WITH MICRO-PATTERNED ROD 





 In this chapter, the studies on rod seals with micro-patterned rods are discussed. 
Two categories of surface pattern are investigated: cavities and protrusions, with 
3-D models because these micro-patterns have three dimensional geometries. For 
cavity and protrusion patterns, both flooded and starved boundaries are discussed. 
Various factors that may affect seal performance such as time step, cavity 
depth/protrusion height, land area ratio, cavity/protrusion shape, etc., are investigated. 
The base parameters for the models in this chapter can be found in Table 4.1, as the 
U-cup seal (3-D). The surface patterns' structure and geometries are introduced in the 
next section. 
6.2 Rod Surface Pattern 
6.2.1 Geometries and Numerical Models of Surface Pattern 
Studies on the friction-reduction effect of micro-patterned surfaces in various 
applications have been discussed in chapter 2. Based on these previous studies, 
several types of surface patterns are chosen for this research. Table 6.1 lists the 




that measures the pattern density. It is defined as the land area divided by the total 




/A. This area ratio is related to the contact mechanics 
analysis and load balance calculation, which will be discussed in the next section. 
Note that for the protrusion patterns, the land area is actually the flat surface of the 




Table 6.1 Surface patterns profile and base parameters 
Cavities with inline round shape 
 
Cavity depth:  
0.5 μm - 1.5 μm 
Size:  
D(diameter) = 20 μm - 
80 μm 
Area Ratio: 





Table 6.1 Surface patterns profile and base parameter (continued) 
Cavities with staggered round shape 
 
 
Cavity depth:  
0.5 μm - 1.5 μm 
Size:  
D(diameter) = 40 μm 
Area Ratio: 
0.651 
Cavities with inline equilateral triangle shape 
 
Cavity depth:  
0.5 μm - 1.5 μm 
Size:  








Table 6.1 Surface patterns profile and base parameter (continued) 
Protrusions with staggered round shape 
 
Cavity depth:  
0.5 μm - 1.5 μm 
Size:  
D(diameter) = 40 μm 
Area Ratio: 
0.503 - 0.714 
Protrusions with staggered square shape 
 
Cavity depth:  
0.5 μm 
Size:  







Table 6.1 Surface patterns profile and base parameter (continued) 
Protrusion with opposite staggered triangle shape 
 
Cavity depth:  
0.5 μm 
Size:  
L(bottom length) = 40 
μm 






6.2.2 Computational Algorithm with Rod Surface Pattern 
 The dynamic behavior of the seal surface is illustrated in Figure 6.1a and 6.1b. 
Figure 6.1a shows how the surface would look if it is perfectly elastic. The 
elastomer would deform into the cavities (for the protrusion cases, the elastomer 
would deform into the gap between protrusions). However, typical seal elastomers, 
like polyurethane, are viscoelastic [80, 81]. The typical relaxation time is about 0.3s 
[80], while the residence time of the material adjacent to each cavity is about 1.2 x 
10
-2
 s to 1.0 x 10
-4










Figure 6.1a: Dynamic behavior of the seal surface with elastic material model 
 
 




 In chapter 5, where the plunge-ground rod is modeled, the material model used 
is the elastic model instead of the viscoelastic model. The reason for this is that the 
plunge-grounded surface elevation is changing continuously (a sinusoidal wave), 
and there are no steep edges with cavities, which are shown in Figure 6.1a and 6.1b. 
It is therefore reasonable to assume that for the plunge-ground rod the seal surface 




 Based on the considerations above, the conceptual model of the seal behavior 
with the patterned rod is shown in Figure 6.2. In regions adjacent to the land areas, 
the load per unit area L is supported by the contact pressure Pc plus the fluid 
pressure Pf. In regions adjacent to the cavities, the lip surface remains flat so the 
contact pressure is zero, and the film thickness is equal to the depth of the cavity 









 Figure 6.3a shows the positions of a 100 μm and a 200 μm thickness layer in a 
2-D FEA model. This U-cup seal is mounted on a smooth rod and then on a rod with a 
grooved cavity pattern. The dimensions of the grooves are comparable with the 
triangular cavities. Figure 6.3b shows the spatial locations of these two layer 




From these results it is seen that the cavities on the rod will not significantly change 
the deformed positions of both the 100 μm and 200 μm thickness boundaries. The side 
boundaries between the segments also show no visible difference between the cavity 
















 Figure 6.4 shows the von Mises stress distributions inside the seal for the smooth 
rod and the patterned rod. A close up view of the patterned rod result is also shown. 
The stress fields outside of the 100 μm layers are virtually identical for both cases. 
These results show that the material outside of the 100 μm layer (and the 200 μm layer) 










 The analysis above shows that the pattern on the rod surface would not affect 
the force balance of the seal, therefore, the integration of the load per unit area L 
over the whole sealing area should equal to the integration of the static contact 
pressure with the smooth rod over the whole sealing area, as:  
    
 
              
 
 
At each location adjacent to the land area: 
        (6.1) 




    
 
      
 
      
 
              
 
 (6.2) 
where Pdc,smooth is the static contact pressure with a smooth rod surface. 
 For the patterned rod surface, A=Aland + Acav , and Pc=0 at the cavity area. 
Equation 6.2 can be written as: 
     
     
      
     
      
    
              
 
 (6.3) 
 Combining equation 6.1 and 6.3: 
          
     
      
    




    
     
              
 
      
    
 
         
                  
 
                        
                  
 
(6.4) 
 It is now assumed that the load per unit area L and the static contact pressure 
with a smooth rod Pdc,smooth has a constant ratio for a given seal operation (rod speed 
and sealing boundary). This assumption is verified by comparing the load balance 
and torque balance with a smooth rod and a patterned rod, which will be discussed at 
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 Using equation 6.5: 
  
                        
                  
   
                      
                  
 (6.6) 
 Note that for   =0: 
    
    
     
 
 
     
 
 
          
 
 Combining equation 6.1, 6.5 and 6.6, we have: 
      
                      
                  
               (6.7) 
 In Chapter 3, Figure 3.3 shows the scheme of the 3-D EHL computational 
model. With the load balance analysis discussed above, the coupling of the fluid 
mechanics analysis, the contact mechanics during motion, and the load balance 














 The justification of the assumption of equation 6.5 is as follows. Consider a thin 
100 μm layer of the seal adjacent to the interface with the rod. The stresses along the 
internal boundary of the layer are determined by the interference mounting of the seal, 
and are the same for both the case of the smooth rod and the patterned rod, as shown 
earlier. These stresses produce a load and a torque on the layer. Treating the layer as a 
free body, it is seen that the load distribution along the layer surface adjacent to the 
rod, the external surface, must balance the load and torque produced by the stresses on 
the internal surface. In the case of the smooth rod, the load distribution along the 
external surface will be the mirror image of the load distribution along the internal 
surface. In the case of the patterned rod, the presence of the cavities will alter the 
magnitudes of the load in the land areas, but it is believed the shape of the distribution 
will be similar to that with a smooth rod. That distribution must generate a torque, as 
well as a total load,  to balance that produced along the internal surface, which is the 
same for both the patterned rod and the smooth rod cases.  
 Therefore, to validate the assumption of equation 6.5, one can compare the net 
torque and total load produced on the external seal surface with the smooth rod and 
with the patterned rod. If the assumption is valid, the two torques and total loads 
should be equal. This comparison has been made for several cases, and the 
discrepancy between the two torques has been found to be less than 1%, and between 
the two total loads less than 0.5%, thereby validating equation 6.5. For example: for a 
rod with cavity pattern, the depth of the cavity is 1.50 μm, the land area ratio is 




un-dimensional torque is 0.0051373, while the non-dimensional load for a smooth 
rod case at the same speed is 0.454, the non-dimensional load is 0.00051134. 
6.3 Cavity Pattern with Flooded Boundary 
 In this section, the U-cup seal with a cavity patterned rod under flooded boundary 
conditions is discussed. The following parameters are changed and examined 
separately: the time steps, the cavity depth, the land area ratio, the shape of the cavity, 
the size of the cavity, and the arrangement of the cavities. 
6.3.1 Effect of Time Step 
 Figure 6.6 shows the fluid transport during outstroke and instroke as a function of 
rod speed at different time steps. The surface patterns in these cases are shown in table 
6.1 as the cavities with the inline round shape, with the same cavity depth of 1.50 μm 
and land area ratio of 0.651. As the rod is moving, the inlet of the sealing area meets 
the flat land area region first, and then the inlet meets the cavity.After a whole cavity 
goes through, the inlet region of the seal meets the flat land area region again, 
repeating as the surface pattern repeats. In Figure 6.6, “flat inlet” means the inlet of 
the sealing zone meets the beginning of the flat land area region; “cavity inlet” means 
the inlet of the sealing zone meets the center of the cavity; “standard” means the inlet 
of the sealing zone meets the flat land area in between two cavities. The latter is the 
case for all other parameter discussions. The curves for the different time steps 
generally lie on top of each other, indicating that the axial position of the rod produces 









 The friction force on the rod, as a function of rod speed is shown in Figure 6.7 for 
different time steps. The time step has no effect on the friction force for both outstroke 
and instroke. Therefore, in the following simulations, only one time step (the 










6.3.2 Effect of Cavity Depth 
 Figure 6.8 shows the fluid transport during outstroke and instroke as a function of 
rod speed for the cavity pattern rod with different cavity depths and the smooth rod, 
under flooded boundary conditions. The surface patterns in these cases are shown in 












 The transport behavior for the smooth rod has been discussed in the previous 
chapter. As can be seen, the outstroke transport is relatively independent of rod speed 
while the instroke fluid transport increases with rod speed, for the various cavity 
depths, just like the smooth rod cases. The cavity cases have lower fluid transports for 
both outstroke and instroke, compared to the smooth rod. The curves for different 
cavity depths generally lie on top of each other, indicating that the variation in cavity 
depth produces no significant effect on the fluid transport. The difference in fluid 
transport between the cavity cases and smooth cases, which is mainly related to the 
area ratio, will be discussed in the following section. The critical speeds for all the 
different cavity depths and for the smooth rod are virtually the same, about 0.03 m/s. 




during the outstroke to fully lubricate the seal during the instroke so starvation will 
occur. The cases for the cavity pattern under starved boundary conditions will be 
discussed in the following sections.  
 The friction force on the rod, as a function of rod speed is shown in Figure 6.9 for 
rods with different cavity depths and the smooth rod, under flooded boundary 
conditions. During the outstroke, when the sealed pressure is ambient, it is relatively 
low and independent of rod speed. The friction force is almost the same as that of the 
smooth rod but slightly lower because the cavity patterns could not change the total 
load balance. The cavity pattern only increases the fluid pressure slightly when the 
fluid flow is not cavitated. During the instroke, with a high sealed pressure, the 
friction force is relatively high and affected by rod speed. Depending on the rod speed 
and cavity depth, the textured surfaces reduce the friction below that with the smooth 
rod. At intermediate speeds the deepest cavities produce the greatest reduction, while 
at the highest speeds the shallowest cavities are the most effective. The largest 
reduction is about 13%. The different cavity depths produce different effects because 
they each affect the hydrodynamically generated pressure differently. For the case of 
the atmospheric sealed pressure, these results are academic, since the lubrication must 
be starved. But they are significant for applications with a high sealed pressure during 











 A physical understanding of these characteristics can be obtained by examining 
the details of the sealing zone, namely the lubricating film thickness distribution and 
the fluid and contact pressure distributions. 
 There are several ways to visualize the film thickness distributions. Figure 6.10a 
shows a typical 3-D plot of the fluid film distribution with cavities during an 
outstroke. Figure 6.10b shows a side view of the 3-D plot, with axial and film 
thickness directions. The land area and the cavity area are clearly seen. In these plots, 





















 A 2-D plot that only shows the center line of the 3-D plot is shown in Figure 
6.11a. Figure 6.11b shows the 2-D plot with only the land area plotted. This last type 
of a plot most clearly shows the shape of the seal surface, and is the one mainly used 







Figure 6.11a: 2-D film thickness distributions with both cavity area and land area 
 
 





 Figure 6.12a and 6.12b show similar 3-D plots of contact pressure. The contact 















 A similar 2-D transformation is applied to the contact pressure plots, as shown in 
Figure 6.13a. Since the contact pressure in the cavity area is zero, only land area 
values are plotted, in Figure 6.13b. Again, the latter is the type of plot mainly used in 







Figure 6.13a: 2-D contact pressure distributions with land and cavity areas 
 
 





 The fluid pressure distribution is also plotted in 2-D for the centerline. Since since 
the fluid pressure is changing continuously, the pressure in both the land and cavity 
areas is shown. The film thickness distributions during the outstroke at a rod speed 
of 0.03 m/s are shown in Figure 6.14. The corresponding distributions at 0.1 m/s and 
0.3 m/s (not shown) are almost identical, indicating that the film thickness is relatively 
independent of rod speed during the outstroke. The curves for different cavity depths 
generally overlap, indicating that the cavity depth produces no significant effect on 
the fluid film during the outstroke. The film thickness in the land area with a cavity 
rod is thinner than that of the smooth case. The reason for this is related to the effect of 




Figure 6.14: Film thickness of outstroke, 0.03 m/s, U-cup seal, different cavity depths, 





 The film thickness distribution during the instroke at the rod speeds of 0.03 m/s, 
0.1 m/s and 0.3 m/s are shown in Figures 6.15a, 6.15b and 6.15c, respectively. Just 
like during the outstroke, the cavities on the rod produce a thinner film at the land area 
compared to that of the smooth rod. At low speed (0.03 m/s), the curves for different 
cavity depths generally overlap, indicating that the cavity depth produces no 
significant effect on the fluid film when the instroke speed is low. At medium speed 
(0.1 m/s), the film thickness at the land area slightly increases with increasing cavity 
depth. At high speed (0.3 m/s), the film thickness distributions at the land area with 
0.50 μm and 0.10 cavity depth are almost identical, while that with the 1.50 μm cavity 




Figure 6.15a: Film thickness of instroke, 0.03 m/s, U-cup seal, different cavity depths, 







Figure 6.15b: Film thickness of instroke, 0.10 m/s, U-cup seal, different cavity depths, 
flooded boundary conditions 
 
 
Figure 6.15c: Film thickness of instroke, 0.30 m/s, U-cup seal, different cavity depths, 





 Figure 6.16 shows the contact pressure and fluid pressure distributions during the 
outstroke at a rod speed of 0.03 m/s. The corresponding distributions at 0.1 m/s and 
0.3 m/s (not shown) are almost identical. The fact that the contact pressure 
distributions of the cavity rods are higher than that of the smooth rod is related to the 
area ratio, which will be discussed in the next section. The curves for different cavity 
depths generally overlap, indicating that the cavity depth produces no significant 
effect on the contact pressure during the outstroke. The contact pressure in the land 
area is determined by both the area ratio and the fluid pressure, as shown in equation 
6.7. During the outstroke, the fluid pressure is not elevated above ambient and is not 
affected by the cavity depth and the area ratios are the same for different cavity depth 
cases. Thus, the contact pressure is not affected by the cavity depth during the 







Figure 6.16: Contact and fluid pressure of outstroke, 0.03 m/s, U-cup seal, different 




 The contact pressure and fluid pressure distributions during the instroke are 
shown in Figures 6.17a1, 6.17a2, 6.17b1, 6.17b2, 6.17c1, and 6.17c2 at rod speeds of 
0.03 m/s, 0.1 m/s and 0.3 m/s. The contact pressures for the cavity cases are always 
higher than that of the smooth rod, just like in the outstroke cases. At 0.03 m/s, the 
contact pressure and fluid pressure distributions for various cavity depths are almost 
identical, indicating that the cavity depth has no significant effect on contact and fluid 
pressure at low speed. At 0.10 m/s, the contact pressure decreases while the fluid 
pressure increases with increasing cavity depth. At 0.30 m/s, the contact and fluid 
pressures with 0.50 μm and 0.10 μm cavity depths are almost identical, while the 




In addition, with increasing rod speed, the oscillations of the contact and fluid 
pressure caused by the cavity patterns become more significant. 
 These contact pressure and fluid pressure results are consistent with each other 





Figure 6.17a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, different cavity 







Figure 6.17a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, different cavity 
depths, flooded boundary conditions 
 
 
Figure 6.17b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, different cavity 







Figure 6.17b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, different cavity 
depths, flooded boundary conditions 
 
 
Figure 6.17c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, different cavity 






Figure 6.17c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, different cavity 




 It is now possible to explain the effect of cavity depth on the behavior of the seal. 
During the outstroke, the seal pressure is ambient, and the fluid pressure is zero in 
most of the sealing zone due to the cavitation. The cavity depth has no effect on fluid 
pressure. The contact pressures for various cavity depths are identical because of the 
same land area ratio (see next section 6.3.3), and are relatively independent of rod 
speed. Therefore, the film thickness distributions on the land area are the same for 
different cavity depths. The fluid transport is determined by the film thickness on the 
land area since the cavities are unconnected, and deeper cavities have no effect on 
fluid transport when fluid cavitation has already occurred. The friction force is 
generally determined by contact pressure and fluid pressure. Thus, the cavity depth 




The fluid pressure is increased slightly for the cavity cases compared to the smooth 
rod case, before the fluid film started to cavitate. This increased fluid pressure reduces 
the contact pressure, and friction force slightly for the cavity cases. 
 During the instroke, the fluid transports are determined by both the fluid film 
distribution and the fluid pressure (Couette and Poiseuille flow). The effects of cavity 
depth on fluid film and fluid pressure counter each other, resulting in almost identical 
fluid transport behavior between various cavity depths during the instroke. At low 
speed, the cavities have no significant effect on fluid pressure. Since the seal surface 
is supported by the fluid and contact pressures acting together, the contact pressures 
are almost identical for different cavity depths. Thus, at low speed, the cavity depth 
has no significant effect on friction force. At intermediate speed, a deeper cavity 
generates higher dynamic fluid pressure distribution, causing a lower contact pressure 
distribution. That is the reason for the maximum friction force reduction occurring 
with the highest cavity depth. At high speed, the fluid pressure generated by the lower 
and medium cavity depth patterns are almost identical, and are higher than that 
generated by the high cavity depth pattern. That causes a higher contact pressure and 
higher friction force for the 1.50μm cavity depth cases, compared to the lower 
cavity depth results. 
6.3.3 Effect of Land Area Ratio 
 Figure 6.18 shows the fluid transport during outstroke and instroke as a function 




smooth rod, under flooded boundary conditions. The surface patterns in these cases 
are shown in table 6.1 as the cavities with inline round shape, with cavity depth of 1.5 
μm. The corresponding distributions with cavity depths of 0.5 μm, and 1.0 μm (not 
shown) are almost identical, which is consistent with the previous section's results: 
the cavity depth has no significant effect on fluid transport during both instroke and 
outstroke. During the outstroke, the fluid transport decreases with decreasing area 










 The friction force on the rod, as a function of rod speed is shown in Figures 6.19a, 




flooded boundary conditions. The cavity depths are 0.5 μm, 1.0 μm, and 1.5 μm. 
During the outstroke, the area ratio has no significant effect on the friction force. 
During the instroke, the area ratio's effect on friction force is related to cavity depth. 
With a lower cavity depth (d=0.50 μm), the friction force is relatively the same for 
the various area ratios at low and medium rod speed; At high rod speed, the friction 
force decreases with decreasing area ratio. For the intermediate cavity depth (d=1.00 
μm), the friction force is almost identical for the various area ratios at low rod speed, 
At medium and high rod speed, the friction force decreases with decreasing area 
ratio. The friction force with these cavity depth patterns could be higher than that of 
the smooth case for some high area ratios, at high rod speed. For a higher cavity 
depth (d=1.50 μm), the friction force values are very close to each other at the low 
rod speed. At the medium rod speed, the friction force decreases with decreasing 
area ratio, and the maximum friction reduction occurs when the rod speed is around 
0.1m/s and the area ratio is 0.651 (the smallest), with the 1.50 μm depth of cavities. 
The largest reduction is about 13%. At high rod speed, the friction forces are similar 
for various area ratios again, and are higher than that of the smooth rod case. 
 To explain the fluid transport and friction behavior with the effect of area ratio, 







Figure 6.19a: Fluid transport, U-cup seal, d=0.50 μm, different land area ratios, 
flooded boundary conditions 
 
 
Figure 6.19b: Friction force, U-cup seal, d=1.00 μm, different land area ratios, 











 Figure 6.20 shows the film thickness distributions during the outstroke at the 
rod speed of 0.03 m/s, with the cavity depth of 0.50 μm. The corresponding 
distributions at 0.10 m/s and 0.30 m/s, with the cavity depth of 1.00 μm and 1.50 μm 
(not shown) are almost identical. These are consistent with the results in the 
previous section, showing that the cavity depth has no effect on the fluid film at the 
same area ratio. The film thickness decreases with the decreasing area ratio. Since 
there is no hydrodynamic effect during the outstroke, the effect of area ratio on the 







Figure 6.20: Film thickness of outstroke, 0.03 m/s, U-cup seal, d=0.50 μm, different 




 The film thickness distribution during the instroke at rod speeds of 0.03 m/s, 
0.10 m/s and 0.30 m/s with a cavity depth of 0.50μm are shown in Figure 6.21a, 
6.21b, and 6.21c. The corresponding distribution with the cavity depths of 1.00μm 
and 1.50μm are very similar and are not shown. These are consistent with the results 
of the cavity depth effect in the previous section: the cavity depth has only a slight 
effect on the fluid film, during the instroke. These Figures show that the film 
thickness distribution decreases with the decreasing of the area ratio. The reason for 
the area ratio effect on the fluid film will be explained when the contact pressure 







Figure 6.21a: Film thickness of instroke, 0.03 m/s, U-cup seal, d=0.50 μm, different 
land area ratios, flooded boundary conditions 
 
 
Figure 6.21b: Film thickness of instroke, 0.10 m/s, U-cup seal, d=0.50 μm, different 






Figure 6.21c: Film thickness of instroke, 0.30 m/s, U-cup seal, d=0.50 μm, different 




 Figure 6.22 shows the contact pressure and fluid pressure distributions during 
the outstroke at a rod speed of 0.03 m/s, with a cavity depth of 0.50 μm. The 
corresponding distributions at 0.10 m/s and 0.30 m/s, with the cavity depths of 1.00 
μm and 1.50 μm (not shown) are almost identical. This is consistent with the results 
in the previous section that the cavity depth has no effect on contact pressure, at the 
same area ratio. During the outstroke, since the sealed pressure is ambient, fluid 







Figure 6.22: Contact and fluid pressure of outstroke, 0.03 m/s, U-cup seal, d=0.50 




 From equation 6.7, when Pf=0: 
      
                 
                  
            
 
          
           
    Therefore, at the land area, the contact pressure should increase with decreasing 
area ratio, which is shown in Figure 6.22. With the Greenwood-Williamson model, a 
higher contact pressure causes a thinner contact film. These results are consistent 
with the film thickness distributions during the outstroke. 
 The contact and fluid pressure distributions during the instroke are shown in 
three groups, for different cavity depths. In the first group, Figures 6.23a1, 6.23a2, 




at rod speeds of 0.03 m/s, 0.1 m/s and 0.3 m/s, with the cavity depth of 0.50 μm. The 
contact pressure at the land area increases with decreasing area ratio at the different 
speeds. At low and medium rod speeds (0.03 m/s and 0.10 m/s), the area ratios have 
very little effect on the fluid pressure distributions. At the high rod speed, the lower 
area ratio case generates higher fluid pressures, while the higher land ratio cases 





Figure 6.23a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, d=0.50 μm, 







Figure 6.23a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, d=0.50 μm, different 
land area ratios, flooded boundary conditions 
 
 
Figure 6.23b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, d=0.50 μm, 







Figure 6.23b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, d=0.50 μm, different 
land area ratios, flooded boundary conditions 
 
 
Figure 6.23c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, d=0.50 μm, 






Figure 6.23c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, d=0.50 μm, different 




 Still consider equation 6.7. During the instroke, the fluid pressure is not zero, 
The contact pressure distribution is determined by both fluid pressure and land area 
ratio: 
      
                 
                  
 
         
                  
              
  
 
          
 
         
                  
               
(6.8) 
 At low and medium rod speeds, the fluid pressures are almost identical for 
different area ratios. The lower area ratio will have a higher contact pressure. This is 




 Notice that a higher contact pressure at the land area does not necessarily 
indicate a higher friction, because of the difference in total land area. While the total 
load is the same for the different cases, and the total load is the sum of the contact 
pressure and fluid pressure, the contact pressure can be estimated from the fluid 
pressure distributions. For the cavity depth of the 0.50μm cases, the fluid pressure 
distributions at low and intermediate rod speeds are almost identical for the various 
area ratios, while at high speed the fluid pressure increases, but not significantly, with 
the decreasing area ratio. This indicates that the total contact pressure and friction 
force, at low and medium rod velocities, are almost the same for different land area 
ratios. At the high rod speed, the contact pressure and friction force decrease with 
decreasing area ratio. This is consistent with the friction force results shown earlier. 
 In the second group, Figures 6.24a1, 6.24a2, 6.24b1, 6.24b2, 6.24c1, and 6.24c2 
show the contact and fluid pressure distributions at rod speeds of 0.03 m/s, 0.1 m/s 
and 0.3 m/s, with the cavity depth of 1.00 μm. These distributions are very similar to 
that of the 0.50μm cavity depth. The explanation is similar to that discussed above. 
Note that at the medium rod speed (0.10 m/s) for the 1.00μm cavity depth, the 
difference between the fluid pressures are more significant than those at the 0.50μm 
depth. The fluid pressure increases with decreasing area ratio. That is the reason for 
the effect of the area ratio on the friction force at the medium speed for this cavity 







Figure 6.24a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, d=1.00 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.24a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, d=1.00 μm, different 







Figure 6.24b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, d=1.00 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.24b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, d=1.00 μm, different 







Figure 6.24c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, d=1.00 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.24c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, d=1.00 μm, different 





 In the third group, Figures 6.25a1, 6.25a2, 6.25b1, 6.25b2, 6.25c1, and 6.25c2 
show the contact and fluid pressure distributions at rod speeds of 0.03 m/s, 0.1 m/s 
and 0.3 m/s, with the cavity depth of 1.50 μm. At low and medium rod speed, the 
contact pressure and fluid pressure distributions are very similar to that with the 
cavity depth of 1.00μm, with the same explanations. Note that the fluid pressure 
distribution of Ar=0.651, at the rod speed of 0.10 m/s with the cavity depth of 1.50μm 
has the largest increase compared to the smooth cases, that causes the largest friction 
reduction (Figure 6.19c). At the high rod speed with the cavity depth of 1.50 μm, the 
fluid pressure is slightly lower than that of the smooth case, and the variation of fluid 
pressure with area ratio is insignificant. These results are consistent with the friction 







Figure 6.25a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, d=1.50 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.25a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, d=1.50 μm, different 







Figure 6.25b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, d=1.50 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.25b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, d=1.50 μm, different 







Figure 6.25c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, d=1.50 μm, 
different land area ratios, flooded boundary conditions 
 
 
Figure 6.25c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, d=1.50 μm, different 





 The effect of area ratio can now be summarized. During the outstroke, the fluid 
transport decreases with decreasing area ratio, while the area ratio has no significant 
effect on friction force. The area ratio changed the land area film thickness by 
changing the contact pressure per land area. The different land area film thickness 
determines the outstroke fluid transport. The area ratio could not change the total 
contact force due the load balance. It also could not affect the dynamic pressure due 
to the large cavitation occurring during the outstroke. Those are the reason that area 
ratio has no significant effect on friction force. During the instroke, the area ratio 
does not have significant effect on the fluid transport because the area ratio affects 
both the fluid film and fluid pressure in opposite ways. These two factors have 
counter effects on the fluid transport and the net result is no difference between the 
various area ratio cases. The area ratio has effects on the friction force, which 
depend on the cavity depths, and are mainly determined by the fluid pressure 
generated. The largest friction reduction of 13% occurs at the rod speed of 0.1 m/s, 
with an area ratio of 0.651 and the cavity depth of 1.50μm in this research. 
6.3.4 Effect of Cavity Shape 
 Figure 6.26 shows the fluid transport during the outstroke and instroke as a 
function of rod speed with different cavity depths, for different cavity shapes. The 
surface patterns in these cases are shown in table 6.1 as the cavities with inline 
round shape and cavities with inline equilateral triangle shape (round and triangle in 




shapes generally lie on top of each other, indicating that the shape of the cavities 


















 The friction force on the rod as a function of rod speed is shown in Figure 6.27 
for the different cavity shapse, with various cavity depths. For the same cavity 
depth, the cavity shapes has no effect on the friction force for both outstroke and 
instroke. 
6.3.5 Effect of Cavity Size 
 Figure 6.28 shows the fluid transport during the outstroke and instroke as a 
function of rod speed with different cavity sizes (radius of the round shape), with the 
cavity depth of 1.50μm and the land area ratio of 0.651. The surface patterns in these 




outstroke, the fluid transport increases slightly with the increasing radius. The size of 
the cavity affects the shape of the inlet during the outstroke. Since most of the 
outstroke sealing area is cavitated, the fluid transport is mainly determined by the 
shape of the inlet fluid film, thus affecting the fluid transport slightly. During the 
instroke, the curves for the different radii generally lie on top of each other, indicating 
that the shape of the cavities produces no significant effect on the fluid transport 
during the instroke. 
 The friction force on the rod, as a function of rod speed is shown in Figure 6.29 
for different cavity sizes. The cavity radius has no effect on the friction force for 
both outstroke and instroke. Notice that R=20μm is the size in most of the previous 
cases in this study if it is not specified. 
 












6.3.6 Effect of Pattern Arrangement 
 Figure 6.30 shows the fluid transport during the outstroke and instroke as a 
function of rod speed with different cavity arrangements. The surface patterns in 
these cases are shown in table 6.1 as the cavities with inline round shape and cavities 
with staggered round shape, (inline round and staggered round in the plots). The land 
area ratio for these cases is 0.651, and the cavity depth is 1.50μm. The curves for the 
different arrangements generally lie on top of each other, indicating that the 











 The friction force on the rod, as a function of rod speed is shown in Figure 6.31 
for different cavity arrangements. The cavity arrangement has no effect on the 












 For the U-cup seal with a cavity patterned rod under flooded boundary 
conditions, the time steps, the shape of the cavity, the size of the cavity, and the 
arrangement of the cavities have no significant effect on fluid transport or friction 
force. The cavity depth and the land area ratio can affect the fluid transport and 
friction force behavior. Under flooded boundary conditions, the cavity pattern can 
reduce the friction force on the rod, depending on rod speed, cavity depth and area 




6.4 Cavity Pattern with Starved Boundary 
 The rods with cavity patterns and with starved boundary conditions are simulated 
and compared with the smooth rod results with starved boundary conditions, below. 
Since only cavity depth and land area ratio are expected to have significant effects on 
seal performance, only these two parameters are discussed.  
6.4.1 Effect of Cavity Depth with Starved Boundary 
 Figure 6.32 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the cavity patterned rod with different cavity depths and the smooth 
rod, under starved boundary conditions. The surface patterns in these cases are shown 
in table 6.1 as the cavities with inline round shape, with a land area ratio of 0.651. The 
results for the smooth cases with starvation have been discussed in chapter 4. The 
outstroke transport behavior is just the same as in the flooded cases shown in the 
previous section, because there is no starvation during the outstroke. The critical 
speed of the cavity patterned rod is close to that of the smooth rod, but slightly higher. 
At 0.03 m/s rod speed, starvation occurs for the cavity cases, but not for the smooth 
cases. From Figure 6.8, the results with flooded boundary conditions, it is seen that 
the degrees of starvation (difference between the fluid transport during instroke and 
outstroke under flooded conditions, see section 5.3.3) for the cavity cases are larger 
than that of the smooth case, due to the higher fluid transport reduction effect of the 











 The friction force on the rod, as a function of rod speed, under starved boundary 
conditions, is shown in Figure 6.33. During the outstroke, the friction force behavior 
for both the smooth rod and plunge-ground rod are exactly the same as the flooded 
cases. During the instroke, the friction force behaviors of the cavity cases are similar 
to that of the smooth rod with starved boundary conditions. These friction forces 
results are much higher than under flooded boundary conditions, this difference 
between starved and flooded boundary conditions has been explained in chapter 4. 
The friction forces of the cavity cases are higher than that of the smooth rod. At the 
same speed, the friction force increases slightly with decreasing cavity depth. At the 
high rod speed, the differences between the various cavity depths are not significant. 




starvation occurs for the cavity cases, but not for the smooth cases, which is consistent 










 To explain the fluid transport and friction force behavior with the starved 
boundary, the details of the sealing zone are examined. 
 The film thickness distributions during the instroke at rod speeds of 0.03 m/s, 0.1 
m/s, and 0.3 m/s are shown in Figures 6.34a, 6.34b, and 6.34c, respectively. At the rod 
speed of 0.03 m/s, which is lower than the critical speed of the smooth case, but higher 
than the critical speed of the cavity cases, starvation only occurs for the cavity cases. 




it can be seen that the degree of starvation for the 0.50 μm depth case is larger than the 
other two cases. At the rod speed of 0.10 m/s, both cavity and smooth cases show 
significant starvation. The cavity cases have longer starvation zones than that of the 
smooth case. Also, the starvation area grows longer with decreasing cavity depth. 
Although the degrees of starvation have no significant difference at this speed in 
Figure 6.8, the fluid pressure distribution, which will be discussed below, also affects 
the starvation behavior. Still, the degrees of starvation for the cavity cases are larger 
than that of the smooth case, causing the longer starvation area for the cavity cases. At 
the rod speed of 0.30 m/s, the starvation area dominates the sealing zone for both 
cavity cases and the smooth case. The lengths of the starvation area (or pressurized 







Figure 6.34a: Film thickness of instroke, 0.03 m/s, U-cup seal, different cavity depths, 
starved boundary conditions 
 
 
Figure 6.34b: Film thickness of instroke, 0.10 m/s, U-cup seal, different cavity depths, 






Figure 6.34c: Film thickness of instroke, 0.30 m/s, U-cup seal, different cavity depths, 




 Figures 6.35a1, 6.35a2, 6.35b1, 6.35b2, 6.35c1, and 6.35c2 show the contact 
pressure and fluid pressure distributions during the instroke at rod speeds of 0.03 m/s, 
0.10 m/s, and 0.30 m/s under the starved boundary conditions. At the 0.03 m/s speed, 
the contact pressure of the 0.50 μm depth case is higher than the other two because of 
the longer starvation area. The fluid pressure of the 0.50 μm depth case is lower than 
the other two for the same reason. There is no starvation at this speed for the smooth 
case. Therefore the fluid pressure of the smooth case is significantly larger than that of 
the cavity cases. At the 0.10 m/s speed, starvation occurs for both the smooth rod and 
the cavity rod. The starvation area increases with decreasing cavity depth at this 
speed. The fluid pressure decreases, while the contact pressure increases with 




between the three cavity cases for both contact pressure and fluid pressure. For the 
fluid pressure distribution, the differences between the smooth rod and cavity rods are 
also very small.  
 All these contact and fluid pressure results are consistent with each other, and 





Figure 6.35a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, different cavity 







Figure 6.35a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, different cavity 
depths, starved boundary conditions 
 
 
Figure 6.35b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, different cavity 







Figure 6.35b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, different cavity 
depths, starved boundary conditions 
 
 
Figure 6.35c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, different cavity 






Figure 6.35c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, different cavity 




 Summarizing, from the flooded boundary results, the cavity rod has a larger 
degree of starvation than that of the smooth rod. With the starved boundary 
conditions, the cavity rod creates a larger starvation region than that of the smooth 
rod, causing less fluid pressure generation and higher contact pressures between the 
rod and the seal. The friction forces with the cavity rods are higher than that of the 
smooth rod because of the higher contact pressures. The overall effects of cavity 
depth are not significant on both fluid transport and friction force under the starved 
boundary conditions, especially at higher rod speeds during the instroke. The main 
reason is that in the starvation area, which dominates at high rod speed, the cavity 
depth has no effect with the starved fluid, just like the similar situation in the 




6.4.2 Effect of Land Area Ratio with Starved Boundary Conditions 
 The results in the previous section show that the cavity depth has little effect on 
seal behavior with the starved boundary conditions. In this section, only results with 
1.50 μm depth are presented and discussed. 
 Figure 6.36 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the cavity patterned rod with different land area ratios and for the 
smooth rod, under starved boundary conditions. The surface patterns in these cases 
are shown in table 6.1 as the cavities with inline round shape, with a cavity depth of 
1.50 μm. The outstroke transport behavior is just the same as in the flooded cases 
shown in the previous section, because there is no starvation during the outstroke. 
 During the instroke under starved boundary conditions, the critical speed of the 
cavity patterned rod is close to that of the smooth rod. At 0.03 m/s rod speed, 
starvation occurs only for the cavity cases with area ratios of 0.651 and 0.743, but not 
for the area ratios of 0.804 and 0.912, and the smooth cases. From Figure 6.18, the 
results with flooded boundary conditions, the degree of starvation for the cavity cases 
increases with decreasing area ratio, due to the higher fluid transport reduction effect 
of the cavity patterns (the effect of area ratio) on outstroke than that on instroke, 











 The friction force on the rod, as a function of rod speed, is shown in Figure 6.37 
for rods with different land area ratios and the smooth rod, under starved boundary 
conditions. During the outstroke, the friction force behavior for both the smooth rod 
and plunge-ground rod are exactly the same as the flooded cases. During the instroke, 
the friction force behaviors of the cavity cases are similar to that of the smooth rod 
with starved boundary conditions, but are generally higher.  
Beyond the critical speed (around 0.03 m/s for all cases), the friction force 
increases slightly with decreasing area ratio at the same speed. At high rod speeds, 
the differences between different cases are not significant. From the friction force 




ratio of 0.651 and 0.743 cases, but not for the other cases, which is consistent with the 










 To explain the results with the starved boundary for the effect of area ratio, the 
details of the sealing zone are examined. Since the results with the area ratios of 
0.651 and 0.743 are very close, the details of the 0.743 area ratio will not be shown. 
 The film thickness distributions during the instroke at rod speeds of 0.03 m/s, 0.1 
m/s, and 0.3 m/s are shown in Figures 6.38a, 6.38b, and 6.38c, respectively. It can be 
seen that at all speeds, the area ratio affects the fluid film thickness with the starved 




land area decreases with decreasing area ratio. At the rod speed of 0.03 m/s, which is 
lower than the critical speed of the smooth case and area ratios of 0.804 and 0.912 
cases, but higher than the critical speed of the 0.651 area ratio case, , starvation only 
occur for the Ar=0.651 case. At the rod speed of 0.10 m/s, all cases have significant 
starvation. The starvation area increases with decreasing area ratio, because of the 
increasing degree of starvation. At the rod speed of 0.30 m/s, the starvation area 
dominates the sealing area for both cavity cases and smooth cases. The lengths of the 





Figure 6.38a: Film thickness of instroke, 0.03 m/s, U-cup seal, different land area 







Figure 6.38b: Film thickness of instroke, 0.10 m/s, U-cup seal, different land area 
ratios, starved boundary conditions 
 
 
Figure 6.38c: Film thickness of instroke, 0.30 m/s, U-cup seal, different land area 





 Figure 6.39a1, 6.39a2, 6.39b1, 6.39b2, 6.39c1, and 6.39c2 show the contact 
pressure and fluid pressure distributions during the instroke at rod speeds of 0.03 m/s, 
0.10 m/s, and 0.30 m/s under the starved boundary conditions. 
 At the 0.03 m/s speed, the contact pressure increases with decreasing area ratio, 
which is similar to the results with the flooded boundary conditions, and for the 
same reason. From the contact and fluid pressure, it also can be seen that only the 
area ratio of 0.651 has starvation at this speed. For the same reason as for the 
flooded boundary conditions, the over-all contact force cannot be estimated by the 
contact pressure on the land area alone, because of the different total land areas for 
the various area ratios. Comparing the fluid pressure is a way to analyze the 
integrated contact pressure and friction force through the load balance. At this low 
speed, the fluid pressures of the 0.651 area ratio case are significantly less than those 
of the other cavity cases and the smooth rod case, while the other cavity cases and 
the smooth case have almost identical fluid pressure distributions. The total contact 
force of the 0.651 area ratio case should be higher than the rest, and that of the 
smooth rod. The same is therefore true of the friction force. This is consistent with 
the results in Figure 6.37. At the 0.10 m/s rod speed, starvation occurs for all cases. 
The starvation area increases with decreasing area ratio at this speed, but not 
significantly for the 0.912 and 0.804 area ratio cases. The fluid pressure of the 0.651 
area ratio case is smaller than the rest, but the differences between 0.651 area ratio 
case and other cases are smaller than at 0.03 m/s rod speed. is is also consistent with 




very close for the various cases including that of the smooth rod. For the fluid 
pressure distribution, the differencse between smooth rod and cavity rods are also 
very small. 
 All these contact and fluid pressure results are consistent with each other, and 





Figure 6.39a1: Contact pressure of instroke, 0.03 m/s, U-cup seal, different land area 







Figure 6.39a2: Fluid pressure of instroke, 0.03 m/s, U-cup seal, different land area 
ratios, starved boundary conditions 
 
 
Figure 6.39b1: Contact pressure of instroke, 0.10 m/s, U-cup seal, different land area 







Figure 6.39b2: Fluid pressure of instroke, 0.10 m/s, U-cup seal, different land area 
ratios, starved boundary conditions 
 
 
Figure 6.39c1: Contact pressure of instroke, 0.30 m/s, U-cup seal, different land area 







Figure 6.39c2: Fluid pressure of instroke, 0.30 m/s, U-cup seal, different land area 




 In summary, with the starved boundary conditions, the area ratio only has an 
effect on the friction force at low rod speed. The decreasing area ratio increases the 
friction force. At same speed, the starvation area increases with the decreasing area 
ratio. This effect is not significant at medium and high speed. The main reason is that 
in the starvation area, which dominates at high rod speed, the different area ratios  do 
not affect the starved fluid. 
6.4.3 Conclusions 
 Under the starved boundary conditions, the cavity patterns no longer have a 




patterns increase the friction due to the larger starvation area compared to the 
smooth rod. The overall effects of cavity depth are not significant on both fluid 
transport and friction force under the starved boundary conditions, especially at 
higher rod speeds during the instroke. The area ratio only has an effect on the friction 
force at low rod speed. The decreasing area ratio increases the friction force. This 
effect is not significant at medium and high speed. 
6.5 Protrusion Pattern with Flooded Boundary 
 In this section, the U-cup seal with protrusion patterned rods under flooded 
boundary conditions are discussed. The following parameters are changed and 
examined separately: the time steps, the protrusion height, the land area ratio, and the 
shape of the protrusion. Note that for the protrusion patterns, the seal contacts the rod 
on the protrusion surface, so the "land area" here is the protrusion area, instead of the 
virgin rod surface in the cavity cases. 
6.5.1 Effect of Time Steps 
 Similar to that of the cavity pattern, Figure 6.40 shows the fluid transport during 
outstroke and instroke as a function of rod speed at different time steps. The surface 
patterns in these cases are shown in table 6.1 as the protrusions with staggered round 
shape. The concept of the time step has been discussed in a previous section and is not 
repeated here. The curves for the different time steps for the protrusions pattern 
generally lie on top of each other, indicating that axial position of the rod produces no 









 The friction force on the rod, as a function of rod speed is shown in Figure 6.41 
for different time steps. The time steps have no effect on the friction force for both 
outstroke and instroke. Therefore, in the following simulations, only one time step 










6.5.2 Effect of Protrusion Height 
 Figure 6.42 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the protrusion pattern rod with different protrusion heights and for the 
smooth rod, under the flooded boundary conditions. The surface patterns in these 
cases are shown in table 6.1 as the protrusions with staggered round shape, with the 











 The outstroke transports for the protrusion cases are relatively independent of rod 
speed, just like the smooth case and the cavity cases. The protrusion height has no 
significant effect on fluid transport during the outstroke, also like the cavity cases 
with the cavity depth effect. However, the protrusion height has influence on the 
instroke fluid transport, which is unlike the cavity depth. The increasing protrusion 
height increases the critical speed. An examination of the fluid film distributions can 
explain this effect on fluid transport, which will be discussed later. 
 The friction force on the rod as a function of rod speed is shown in Figure 6.43 for 
rods with different protrusion heights and for the smooth rod, under flooded boundary 




can be seen that these two Figures are very similar, indicating that the protrusion 











 The main difference between the cavity and protrusion patterns is as follows.  
For the cavity patterns, the cavity areas, which have a thicker fluid film than the land 
areas, are not connected. For the protrusion cases, the protrusions also are not 
connected,  but the voids between the protrusions are connected. These voids act like 
"cavities" as the protrusion area plays the role of land area. Thus, the thicker fluid 




cavitated, the protrusion height has little effect since the main flow channel, the land 
area fluid film, is controlled by the area ratio. During the instroke with a flooded 
boundary, higher protrusion heights cause thicker films. As discussed earlier, the 
instroke fluid transport combines the Couette flow and Poiseuille flow. When the 
speed is low and the Poiseuille flow dominates, an increasing film thickness causes 
the Poiseuille flow increase quicker than that of the Couette flow (as equation 3.8 
shows). The results is the thicker fluid film allows more fluid to be pushed out of the 
hydraulic cylinder than is  dragged in, meaning there is more leakage. The critical 
speeds with the thicker fluid films are higher. At higher speeds when the Couette flow 
dominates, the film thickness increase causes the total instroke fluid transport to 
increase. This explains the effect of protrusion height on fluid transport. Figure 6.44 
shows film thickness distributions with both protrusion and void areas (“un-patterned 
area” in Figure) during the instroke at a rod speed of 0.03 m/s. The average film 







Figure 6.44: Film thickness of instroke, 0.03 m/s, U-cup seal, different protrusion 




6.5.3 Effect of Land Area Ratio  
 Figure 6.45 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the protrusion pattern rod with different land area ratios and the 
smooth rod, under the flooded boundary conditions. The surface patterns in these 
cases are shown in table 6.1 as the protrusions with staggered round shape, with the 
same protrusion height of 0.50μm. The higher protrusion heights will cause the 
critical speed to increase, and are not presented in this research. The friction force on 
the rod as a function of rod speed is shown in Figure 6.46. Comparing Figures 6.45 




patterns are almost the same as that for the cavity patterns, with the same explanation, 





Figure 6.45: Fluid transport, U-cup seal, d=0.50 μm, different land area ratios, 











6.5.4 Effect of Protrusion Shape 
 Figure 6.47 shows the fluid transport during the outstroke and instroke as a 
function of rod speed with different protrusion shapes. The surface patterns in these 
cases are shown in table 6.1 as the protrusions with staggered round shape, 
protrusions with staggered square shape, and protrusions with opposite staggered 
triangle shape, (round, square, and triangle in the plots). The land area ratio for the 
round shape is 0.649, and for the square and triangle shapes are 0.640. The protrusion 
heights for all three shapes are 0.5μm. Besides the effect of area ratio, the shape of 










 The friction force on the rod, as a function of rod speed is shown in Figure 6.48 
for different protrusion shapes. The protrusion shape has no significant effect on the 












 For the U-cup seal with protrusion patterned rod under flooded boundary 
conditions, the time steps and the shape of the protrusions have no significant effect 
on fluid transport or friction force, just like the cavity pattern. The protrusion heights 
and the land area ratio have similar effect as that of the cavity depth and the area ratio 
for cavities. The height of the protrusion pattern may affect the fluid transport during 





6.6 Protrusion Pattern with Starved Boundary Conditions 
 Since the protrusion pattern has a very similar behavior as that of the cavity 
pattern, only the effects of the area ratio for the protrusion patterns under starved 
boundary conditions are shown. 
 Figure 6.49 shows the fluid transport during outstroke and instroke as a function 
of rod speed for the protrusion patterned rod with different land area ratios and for the 
smooth rod, under starved boundary conditions. The surface patterns in these cases 
are shown in table 6.1 as the protrusions with staggered round shape, with a protrusion 
height of 0.50 μm. The friction force on the rod, as a function of rod speed is shown 







Figure 6.49: Fluid transport, U-cup seal, different area ratios for protrusion pattern, 
starved boundary conditions 
 
 
Figure 6.50: Friction force, U-cup seal, different area ratio for protrusion pattern, 





 Figures 6.49 and 6.36, and Figures 6.50 and 6.37 are very similar, respectively, 
indicating that the effect of the area ratio of the protrusion cases under the starved 
boundary conditions are the same as that of the cavity cases, with the same 
explaination, which has been discussed in previous chapters. 
6.7 Conclusions 
 This chapter discussed the patterned rod surfaces' effects on seal performance. 
Two categories of surface pattern are investigated: cavities and protrusions, both 
under flooded and starved boundary conditions. 
1. Both cavity and protrusion patterns have effects on the fluid transport and friction 
force, compare to the smooth rod. The effects under flooded boundary conditions are 
generally larger  than that under starved boundary conditions. 
2. Under flooded boundary conditions, the cavity patterns can reduce the friction 
force while keeping the critical speed almost constant compared to the smooth rod.  
3. Under starved boundary conditions, the cavity patterns increase the friction force 
compared to the smooth rod, by increasing the starvation area. 
4. For the cavity patterns, the movement of the rod into various axial positions ( time 
step changing), the shape of the cavity, the size of the cavity, and the arrangement of 




5. The cavity depth and the land area ratio can affect the fluid transport and friction 
force behavior. The effects of both are larger under flooded boundary conditions than 
under starved boundary conditions. 
6. The protrusion patterns have very similar effects as the cavity patterns. One 
difference is that the height of the protrusion pattern affects the fluid transport during 










 The numerical models for analyzing reciprocating hydraulic rod seals with 
various rod surfaces are developed in this research. These models consist of coupled 
fluid mechanics, contact mechanics and deformation analyses. Previous research 
only considered the surface roughness of the seal, assuming a perfectly smooth rod. 
Furthermore, there have been no previous simulations of the rod seal that consider 
starved lubrication boundary conditions. In the present work, a plunge-ground rod 
surface is considered, and then various micro-patterns on the rod surfaces are taken 
into account. For the smooth rod and the various rod surfaces, both flooded and 
starved lubrication boundary conditions are applied. 
 The studies on the U-cup and step seals with a smooth rod show that for both the 
U-cup and step seals, the fluid transport during outstroke is relatively independent of 
rod speed because almost the entire lubricating film is cavitated and hydrodynamic 
effects are minimal. The film thickness distributions are almost identical at all speeds. 
The fluid transport during the instroke increases with increasing rod speed. There is a 
critical speed above which the instroke fluid transport exceeds that of the outstroke. 
Below this critical speed the seal leaks, above this critical speed, fluid starvation 
occurs. For the U-cup seal, this critical speed is between 0.03 m/s and 0.075 m/s; for 




 The studies on the U-cup and step seals with a smooth rod also show that The 
friction force during the outstroke is almost independent of rod speed. The reason is 
similar to that for the fluid transport phenomenon. The friction force behavior during 
the instroke is not the same for the U-cup seal and step seal. For the U-cup seal with a 
flooded boundary, the friction force increases to a peak value at low speed and then 
decreases with increasing rod speed. That is because the fluid pressure decreases at 
low speed and then increases at high speed while the contact pressure does the 
opposite. For the U-cup seal with a starved boundary, the friction force increases with 
increasing rod speed because the starvation zone grows longer with increasing speed, 
the pressurized region decreases and so does the fluid pressure while the contact 
pressure increases. The contact pressure of the starved case is much larger than that of 
the flooded case, at the same rod speed, resulting in a much larger friction force. For 
the step seal with a flooded boundary (starvation does not occur for the step seal in 
this research), the friction force is almost independent of rod speed, since the 
hydrodynamic effect on the fluid pressure is insignificant compared to the contact 
pressures. 
 Studies on the seal surface characteristic parameters α and β have been 
performed for the smooth rod cases. With an increasing α (the measure of asperity 
radius), the film thickness of the U-cup seal decreases, causing a smaller fluid 
transport during both instroke and outstroke. The critical speed decreases with the 
increasing α value. The profiles of friction versus rod speed curves have similar 




starved boundary is much larger than that of the flooded case, for the same rod speed. 
With an increasing β (the measure of asperity density) the film thickness of the U-cup 
seal increases, causing a larger fluid transport during both instroke and outstroke. The 
critical speed increases with the increasing β value. The profiles of friction versus rod 
speed curves have similar shape for various β values, but quantitatively different. The 
friction force with a starved boundary is much larger than that of the flooded case, for 
the same rod speed. 
 The studies on U-cup and step seals with a plunge-ground rod show that for a 
polyurethane U-cup seal under flooded boundary conditions, a plunge-ground rod 
produces a lower fluid transport into the cylinder during the instroke compared to a 
smooth rod, reducing the effectiveness of the seal. The plunge-ground rod also 
increases the friction force on the rod. In addition, the plunge-ground rod produces 
large fluctuations in the contact pressure, which would be expected to increase the 
wear rate due to fatigue-induced wear. For the U-cup seal under starved boundary 
conditions, the plunge-ground rod has a shorter starvation region than that of the 
smooth rod due to the smaller degree of starvation. The plunge-ground rod decreases 
the friction force on the rod compared to the smooth rod, because the lower degree 
of starvation generates more fluid pressure to support the seal, decreasing the 
contact force, compared to the smooth rod case. The plunge-ground rod also 
produces large fluctuations in the contact pressure, which would be expected to 
increase the wear rate due to fatigue-induced wear. For a PTFE step seal, the 




force. Those effects that were observed with the U-cup seal are absent due to the 
larger roughness of the step seal and resulting larger film thickness. However, the 
plunge-ground rod does produce large fluctuations in the contact pressure, as with the 
U-cup seal, and would be expected to increase the wear rate of the step seal due to 
fatigue-induced wear. 
 Hypothetical studies on both the U-cup and step seals with a plunge-ground rod 
show that the roughness of the seal surface is the most important characteristic 
governing the behavior of those seals. A higher surface roughness produces a thicker 
fluid film, which decreases the influence of the hydrodynamic effect. 
 The studies on the micro-patterned rod surfaces' effects on seal performance 
consider two categories of surface pattern: cavities and protrusions, both under 
flooded and starved boundary conditions. The results show that both cavity and 
protrusion patterns have effects on the fluid transport and friction force, compared to 
the smooth rod. The effects under flooded boundary conditions are generally larger 
than those under starved boundary conditions. Under flooded boundary conditions, 
the cavity patterns can reduce the friction force while keeping the critical speed 
almost constant compared to the smooth rod. Under the starved boundary conditions, 
the cavity patterns increase the friction force compared to the smooth rod, by 
increasing the starvation area. 
 The studies show that for cavity patterns, the movement of the rod into various 




and the arrangement of the cavities have no significant effect on both fluid transport 
and friction force, while the cavity depth and the land area ratio can affect the fluid 
transport and friction force behavior. The protrusion patterns have very similar effects 
as the cavity patterns. One difference is that the height of the protrusion pattern affects 
the fluid transport during the instroke and changes the critical speed, by changing the 
average film thickness. 
 In summary, the numerical models developed in this research provide an 
effective tool for analyzing the hydraulic rod seals performance, taking rod surface 
patterns, and starved boundary conditions into account. The results of this research 
show that the rod surface pattern may have significant, though small, effects on both 
fluid transport (leakage) and friction force behavior of the seal. The effects of the 
rod surface pattern should not be neglected in the design and optimization of seals. 
 There are some general suggestion for seal designers based on this research: 
 1. The critical speed of a rod seal should be as low as possible 
 2. To reduce the starvation, the seal design should match instroke and outstroke 
transports as close as possible. 
 3. Considering the friction reduction in the present range of studies and the cost 
of manufacturing the micro-patterned rod, the micro-texture technique is not 









 The finite volume scheme developed in this research uses a grid point cluster 
shown in Figure A.1. P is the central grid point, E and W are east and west grid points, 
along the x, or axial direction; N and S are north and south grid points, along the y, or 
radial direction. The rod moves in the x direction; for the instroke, U<0 and for the 
outstroke U>0. The boundary of the control volume is shown by the dotted line, going 











Referring to Figure A.1: 
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Similarly, integrating Eq.(A.3) over the control volume along y direction, from ys to yn 
yields: 
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Eq.(A.4) yields: 
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Approximating the derivatives in Term1 and Term2 with finite differences gives: 
   
 
  
     
 
   
 
  
     
 
   
    
         
   
   
         
   
   





    
 
  
     
 
   
 
  
     
 
   
     
         
   
   
         
   
   
       
where Ke, Kw, Kn and Ks can be written in terms of harmonic means as: 
   
     
       
     
     
       
     
     
       
     
     
       
 
 An upwind scheme is applied to Term3 in Eq.(A.5) where the scheme is 
dependent on the direction of flow [119]: 
 For U > 0, the outstroke cases, in the upwind scheme, the unsolved parameters (F 
and Φ) on edge "e" yields to that on point P while the parameters on edge "w" yields to 
that on point W. Term 3. becomes: 
                            
                                   
(A.7a) 
 For U < 0, the instroke cases, in the upwind scheme, the parameters on edge "e" 
yields to that on point E while the parameters on edge "w" yields to that on point P. 
Term 3. becomes: 
                            
                                   
(A.7b) 
where  




and                                            
The squeeze film term, or Term4 in Eq.(A.5) can be expressed as: 
    
    
  
                     
   
                     
            
(A.8) 
where terms with a superscript of "now" means the parameters at the calculated time 
step while a superscript of "last" indicates the parameters at the previous time step. 
 Rearranging Eq.(A.5): 
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For the outstroke (with a positive rod velocity) U>0: 
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For the instroke (with a negative rod velocity) U<0: 
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Eq.(A.10) and Eq.(A.11) can be written in the form of a system of algebraic 
equations: 
                   
                   
(A.12) 
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For the instroke: 
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 To use the TDMA, it is necessary to convert the above equations to index 
notation: 
                                    
                                    
(A.15) 
For the outstroke: 
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It is straightforward to derive the one-dimensional form of Eq.(A.16) and Eq.(A.17). 
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For the outstroke: 
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